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Résumé :  
Les objectifs de la thèse sont l’étude de la phase d’initiation et de propagation de la 
corrosion des armatures du béton armé en atmosphère saline. La phase d’initiation et le 
début de la phase de propagation sont étudiés expérimentalement sur des éprouvettes 
réalisées spécifiquement pour cette thèse et permettant de faire varier la qualité de 
l’interface armature-béton en évitant les effets de bords. Le suivi du développement de la 
corrosion est réalisé par mesures électrochimiques à échéances régulières. L’analyse de 
l’évolution de la résistance de polarisation en fonction du temps a permis de confirmer 
l’importance de la qualité de l’interface sur l’initiation de la corrosion ainsi que sur la 
présence de deux étapes distinctes dans la phase de propagation : un développement de 
piqûres (corrosion locale) qui conduit à une fissuration coïncidentes avec l’armature puis 
une généralisation de la corrosion (corrosion généralisée puis homogène) liée à la 
présence des fissures de corrosion. Ce dernier aspect permet un lien avec l’autre partie du 
travail de thèse qui utilise des éléments de béton armé âgés de 22 ans au début de la thèse 
et qui se trouvent en phase de propagation depuis de nombreuses années. L’analyse du 
vieillissement de ces poutres en fonction du temps a permis de confirmer l’existence les 
deux étapes de la phase de propagation déjà mentionnées ci-dessus : une corrosion locale 
conduisant à une fissuration du béton d’enrobage pour laquelle existait un modèle reliant 
la géométrie des fissures (ouverture) au taux de corrosion; une corrosion généralisée puis 
homogène qui se développe grâce aux fissures existantes et conduit à une augmentation 
de l’ouverture de ces fissures mais également à la création de nouvelles fissures. Un 
nouveau modèle permettant de relier le taux de corrosion à la géométrie des fissures a été 
proposé dans le cadre de la thèse. Ces résultats sont importants car spécifiques à la 
corrosion naturelle, en effet on ne retrouve pas ces deux phases dans les essais classiques 
accélérés sous champ électrique. 
L’existence de ces étapes de la phase de propagation nécessite également la définition 
de deux stratégies de modélisation du comportement mécanique en service ; c’est à dire 
la réponse en déplacement des éléments corrodés. En effet, dans la première étape, il y a 
une perte d’adhérence entre l’armature et le béton qui modifie le comportement 
mécanique mais la perte de section qui est locale a un effet négligeable. En revanche, 
dans la seconde étape, la généralisation et l’homogénéisation de la corrosion conduit à un 
couplage entre la perte d’adhérence et la perte de section. 
L’expérimentation à rupture d’un élément âgé de 23 ans a permis de confirmer la 
corrélation entre la perte de section d’acier et la charge de rupture résiduelle. La 
modélisation du comportement à rupture des ouvrages corrodés est donc simplement liée 
à la perte maximale de section dans les zones les plus sollicitées. Cependant dans le 
cadre d’un diagnostic, l’existence des deux étapes de la phase de propagation pose un 
problème pour connaître le taux de corrosion des structures corrodées.  
Les expérimentations font également apparaître que durant la phase de propagation de 
la corrosion, les éléments en béton armé conservent un comportement mécanique 
satisfaisant par rapport aux prescriptions réglementaires et qu’il serait donc important 
pour les maîtres d’ouvrages de prendre en compte cette phase de propagation dans la 
durée de vie des ouvrages corrodés. 
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Abstract :  
The thesis aims to study both initiation and propagation phase of steel corrosion in 
reinforced concrete structures in chloride environment. Experiments were carried out in 
order to investigate the initiation period and the beginning of the propagation period in 
relation with the steel-concrete interface quality. Specific high size reinforced concrete 
members were cast to create various steel-concrete interface qualities and were stored in 
a saline environment. Polarisation resistance was measured regularly to assess the 
corrosion rate. Results show firstly the significant influence of the steel-concrete 
interface condition on corrosion initiation and propagation. In the propagation period, 
two different phases were observed: In the first phase, pitting corrosion attacks (local 
corrosion) lead to concrete cracking characterized by small width cracks propagating 
along the reinforcing bars and in front the pitting attacks. In the second phase, due to the 
presence of these cracks, the local corrosion turns to a generalised corrosion propagating 
all along the reinforcing bars and leading to an important increase of the corrosion cracks 
width. This last point is totally in connection with the other part of the work carried out 
on large size reinforced concrete beams, which were 22 years old at the beginning of the 
thesis and in corrosion propagation phase since many years. The investigations 
performed on these old beams confirm the results obtained on the high size concrete 
members experiments (i.e. the propagation period divided into two different phases: local 
and generalised corrosion). A model was already developed in the past allowing 
predicting the corrosion state of the reinforcing bars from the cracks width during pitting 
corrosion period. To generalise the model to the whole corrosion process, a new model is 
proposed in this thesis linking the generalised corrosion in term of steel cross-section 
reduction to the corrosion cracking geometry and width. These results are important 
because representatives of the natural process. Indeed, these two different phases in the 
corrosion propagation period do not exist in usual accelerated tests under electric current. 
According to this new approach of the corrosion propagation phase, a new model is 
proposed for the assessment of reinforced concrete structures serviceability versus 
corrosion. During the pitting corrosion phase, the serviceability of the structural 
members is only affected by the steel-concrete bond reduction leading to a global 
deflection increase. At this stage the steel cross-section reductions are so local that they 
do no affect the global behaviour. Then, in the second propagation phase, the 
generalisation of the corrosion, which leads to a homogeneous steel loss all along the 
reinforcing bars, is taken into account as a coupled effect of the cross-section and bond 
reduction. At last, experiment performed up to failure on one 23 years old beam confirms 
the direct correlation between the reduction of the bearing capacity and in steel 
cross-section.  
Finally, the long term experiments carried out on the old reinforced concrete beams 
show that reinforced concrete structures can perfectly ensure a good quality of 
serviceability for a very long time in corrosion propagation period. Regarding the 
structural performance reduction, results have shown that the propagation period can be 
as long as the initiation phase in the service life. Therefore, the propagation period 
should be considered as a normal step in the service life span. 
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 1 
NOTATIONS 
h :      height of the cross-section of beam (mm) 
b :      thickness of the cross-section of beam (mm) 
d :      effective height (mm) 
Es :     elastic module of steel bar (Mpa) 
Eb :     elastic module of concrete (Mpa) 
n :      equivalent ratio 
εsc :     strain of steel bar in cracked cross-section (m/m) 
εsnc :    strain of steel bar in non-cracked cross-section (m/m) 
εbt :     strain of concrete (m/m) 
y0c :     height of the neutral axis in cracked cross-section (mm) 
y0nc :    height of the neutral axis in non-cracked cross-section (mm) 
Ic :      inertia of the cracked section of the beam (m4) 
Inc :     inertia of the non-cracked section of the beam (m4) 
Im :     average bending inertia of the macro-element (m4) 
χ :      flexural curvature (1/m) 
χm :     average flexural curvature of a macro-element (1/m) 
Dc :     damage variable of the steel-concrete adhesion 
Lelem :    length of macro-element (mm) 
Lt :      transfer length (mm) 
Ltcor :    transfer length after corrosion (mm) 
As :      cross-section of steel bar (mm2) 
Asr :      residual cross-section of steel bar due to general corrosion (mm2) 
∆As0 :     cross-section loss of cracking initiation (mm2) 
∆Asl :     cross-section loss of steel bar (mm2) 
∆Asg :     general cross-section loss of steel bar (mm2) 
w :       width of corrosion crack (mm) 
ø0 :       initial diameter of steel bar (mm) 
c :        covercrete (mm) 
x :        attack penetration (µm) 
x0 :       attack penetration for cracking initiation (µm) 
Rp :       polarisation resistance (kΩ·cm2) 
icorr :      corrosion current density (µA/cm2) 
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βa :       anodic Tafel constant 
βc :       cathodic Tafel constant 
A :       Surface area of the steel polarized (cm2) 
T :       time (s) 
F :       Faraday’s constant (C/mol) 
Wm :      gram atomic weight (g/mol) 
Z :        number of the electrons transferred per atom 
 3 
RESUME 
 
La corrosion des armatures est l’une des principales causes de dégradation des 
ouvrages en béton armé. Les détériorations de la structure sont caractérisées par un 
éclatement du béton d’enrobage, résultant du caractère expansif des produits de 
corrosion, et s’accompagnent d’une réduction de la section des aciers ainsi que d’une 
perte d’adhérence acier-béton. Comparativement, la corrosion due aux chlorures est 
plus dangereuse que celle due à la carbonatation à cause de son développement rapide 
et le risque de rupture soudaine pour le cas des environnements sévères. Les principaux 
facteurs environnementaux mis en cause sont les chlorures provenant de l'eau de mer 
ou de l'air marin et l'utilisation de sels fondants pour le déverglaçage des routes. 
La corrosion conduit à la détérioration du comportement mécanique des structures, 
qui est en fonction de leur état de corrosion. La majeure partie des études consacrées à 
la durée de vie considère que le critère de fin de service correspond au démarrage de la 
phase de propagation de la corrosion. Pourtant, cet instant ne signifie pas que la 
performance de la structure est mise en cause. Des recherches au LMDC montent que 
la phase de propagation de la corrosion semble représenter une part importante de la 
durée de vie des ouvrages en béton armé. Ne considérer que la phase d’initiation 
semble représenter donc une démarche trop conservative. Ainsi, pouvoir prédire 
l’évolution du comportement mécanique des structures en béton armé au cours de leur 
vieillissement est un objectif d’importance majeure pour les maîtres d’ouvrage afin de 
prévoir éventuellement des réparations, le renforcement de la structure, un programme 
de maintenance ou, au contraire, la destruction et  le remplacement de l’ouvrage. 
Les objectifs de la thèse sont l’étude de la phase d’initiation et de propagation de la 
corrosion des armatures du béton armé en atmosphère saline. Au  début, une 
introduction  générale a été faite pour situer le travail dans le cadre des activités du 
LMDC. Les travaux expérimentaux de la thèse sont présentés en deux parties.  
L’étude de la phase de propagation de la corrosion et de ses conséquences sur le 
fonctionnement mécanique en service (raideur) ou à rupture, est l’objet de la première 
partie de cette thèse qui se base sur l’analyse du vieillissement d’éléments en béton 
armé, et plus particulièrement sur l’analyse exhaustive de une poutre corrodée notée 
B2CL1. Ces poutres sont de trois mètres longueur, conservées depuis 22 ans en 
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ambiance saline et sous différentes intensités de chargement en flexion trois points. Il 
s’agit donc de conditions de vieillissement très proches de celles des structures réelles. 
Cette partie expérimentale est la suite d’un programme de vieillissement du béton armé 
démarré en 1984 à Toulouse et dont le support en était la thèse de doctorat de Raoul 
François. Il a bénéficié d’un financement de l’AFREM (Association Française de 
Recherche et d’Etudes sur les Matériaux) et de l’AFB (Association Française du Béton) 
qui ont depuis fusionnées pour donner naissance à l’AFGC (Association Française du 
Génie Civil). L’objectif initial de l’étude était de comprendre les relations existantes 
entre la fissuration de service (structurale) du béton armé et la corrosion des armatures. 
En effet, les règlements de calcul (de l’époque) limitaient l’ouverture des fissures 
structurales afin d’obtenir une durée de vie suffisante en environnement agressif sans 
que ces mesures s’appuient sur des bases expérimentales suffisamment pertinentes. 
L’objectif de l’étude était donc clairement d’apporter des données supplémentaires pour 
pouvoir proposer une modification des règlements le cas échéant. 
La deuxième partie est destinée à mieux comprendre les interactions entre les défauts 
d’interface et l’initiation de la corrosion. Pour cela un protocole expérimental a été mis 
au point pour obtenir des défauts variables sur des échantillons de petite taille mais 
toujours soumis à une corrosion naturelle. Dans cette partie seront présentés : les 5 
types d’échantillons ou d’environnement de conservation, l’analyse des défauts 
d’interface obtenus, le suivi de la résistance de polarisation en fonction du temps, le 
début des phase d’initiation puis de propagation le cas échéant, l’évolution des fissures 
de corrosion en fonction du temps, la comparaison entre ouverture de fissure et taux de 
corrosion avec les modèles développés dans la première partie de la thèse concernant 
les poutres, et la comparaison entre les pertes de masse prévues par mesures 
électrochimiques et celle mesurées. 
Le premier chapitre de la thèse est un compilation de 4 articles et deux parties 
complémentaires qui correspondent aux différentes étapes de la démarche suivie, 
depuis l’expérimentation sur poutres jusqu’aux recommandations en termes de 
réglementation et modélisation des comportements mécaniques des structures 
corrodées.  
Le premier article présente l’étude de l’évolution du faciès de corrosion des armatures 
et ses conséquences sur le comportement mécanique en service du béton armé. Le 
travail expérimental est divisé en deux parties. Une partie est consacrée à l’étude 
exhaustive de deux poutres, notées  B1CL1 âgée de 14 ans et B2CL1 âgée de 23 ans 
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et soumises à l’effet couplé du chargement et de la corrosion en atmosphère saline, y 
compris l’évolution de la fissuration de la corrosion aux périodes différentes, la 
distribution de la corrosion mesurée par les pertes de section le long des armatures ainsi 
que l’évolution du comportement mécanique en service. Une autre partie expérimentale 
est l’étude de la simulation de la corrosion sur une poutre témoin.  
La comparaison entre des cartes de fissuration et des distributions de corrosion est 
faite afin de caractériser le mécanisme de corrosion au cours du processus de la 
corrosion. Deux étapes distinctes sont constatées dans la phase de propagation : un 
développement de piqûres (corrosion locale) qui conduit à une fissuration coïncidentes 
avec l’armature puis une généralisation de la corrosion (corrosion généralisée puis 
homogène) liée à la présence des fissures de corrosion. En effet, la corrosion d’acier 
dans le béton est considérée comme un processus électro-chimique. Les zones 
différentes d’acier agissent comme l’anode et la cathode. La pile de corrosion est mise 
en place par ces différences de potentiel. Conséquemment, l’évolution des faciès de la 
corrosion au cours de processus de corrosion peut être interprétée par l'évolution de la 
pile de corrosion de la macro-pile à la micro-pile en fonction de la qualité d’interface 
acier-béton car le faciès de corrosion est toujours fonction des distributions spatiales 
des anodes et des cathodes sur la surface d’acier. Ensuite la mesure de la flèche de ces 
poutres sous charge de service a permis d’évaluer la réduction de raideur en fonction de 
la corrosion. Les résultats expérimentaux montrent que, pour la poutre B1CL1 à 14 ans, 
le déplacement global à mi-portée a augmenté de plus de 50% par rapport au celui de la 
poutre témoin à cause de la corrosion d’armature, alors que le déplacement de la poutre 
B2CL1 à 14 ans a augmenté très légèrement. Pour la poutre B2CL1 entre 14 et 19 ans 
d'exposition, le comportement global en service a été évidemment dégradé. Toutefois, il 
est à noter que le déplacement de la poutre B2CL1 à 23 ans était presque équivalent à 
celui à 19 ans.  
Afin de bien comprendre l’influence de la corrosion sur le comportement mécanique 
en service, les effets de la perte d’adhérence acier-béton et de la réduction de section 
ont été simulés sur une poutre témoin non corrodée. La simulation de la perte 
d’adhérence à cause des piqûres (corrosion locale) des armatures est réalisée en 
supprimant localement le béton tendu d’enrobage sans réduire la section des aciers. La 
réduction de section d’acier est réalisée en créant localement des entailles de quelques 
millimètres d’épaisseur à l’aide d’une meule sur des zones d’armature sans béton 
d’enrobage. Les résultats de la simulation de corrosion montrent qu’une perte 
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d’adhérence entre l’armature tendue et le béton modifie évidemment la rigidité de la 
poutre, mais la perte de section d’armature qui est locale a un effet négligeable sur le 
comportement global en service. Cette conclusion peut expliquer les résultats 
expérimentaux des poutres corrodées B1CL1 et B2CL1. Dans l‘étape d’initiation de la 
corrosion et au début de l’étape de la propagation de corrosion, la réduction rapide de la 
rigidité des poutres corrodées est attribuée à la perte de l'adhérence d’acier-béton en 
raison de la fissuration de la corrosion. De plus, au cours de la phase de propagation de 
la corrosion ou la corrosion d’armature est sévère, le comportement mécanique en 
service n'est pas non plus significativement influencé parce que l’adhérence acier-béton 
est déjà entièrement perdue et la corrosion généralisée devient prédominante et la 
section de l'armature diminue relativement lentement. Cette conclusion est très 
importante pour la modélisation suivante du comportement mécanique en service des 
structures corrodées.   
Les expérimentations font également apparaître que durant la phase de propagation de 
la corrosion, les éléments en béton armé conservent un comportement mécanique 
satisfaisant par rapport aux prescriptions réglementaires et qu’il serait donc important 
pour les maîtres d’ouvrages de prendre en compte cette phase de propagation dans la 
durée de vie des ouvrages corrodés. 
La seconde partie du Chapitre I est l’étude phisico-chimique complémentaire de la 
poutre corrodée B2CL1 agée de 23 ans après sa destruction en vue de réaliser les cartes 
de corosion. Les techniques suivantes, dosage des ions chlore, vidéo microscope, DRX, 
SEM ainsi que Raman ; sont utilisées dans l’analyse physico-chimique pour étudier le 
taux de chlorures dans la poutre, la morphologie des zones corrodées en fonction de la 
localisation des armatures, les compositions des produits de corrosion, l’influence de 
l’interface d’acier-béton et les faciès de fissuration.  
Après 23 ans d'exposition, les taux de chlorures du béton au niveau des armatures 
tendues sont très nettement supérieurs au taux de chlorures critique maximal 
généralement admis dans la RILEM ou l’ACI pour l’initiation de la corrosion. La 
comparaison entre deux diagrammes de diffraction obtenus à partir des échantillons de 
rouille prélevés en des poutres à 14 et 23 ans, a montré que les deux échantillons sont 
constitués des mêmes composés: la magnétite, la goethite, un peu de lepidocrocite, 
akaganeite ainsi que de la calcite. Toutefois, l'échantillon prélevé sur  la poutre plus 
corrodée contient plus de magnétite. 
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Les observations confirment que la section d’interface d'acier-béton est composée 
d'un multi-couche de structure suivante: le métal (M), la couche de rouille (LD), la 
couche de milieu transformé entourant la rouille (TM) et le béton (B). Mais la zone de 
TM est d’une épaisseur beaucoup plus faible que celle observée sur des analogues 
archéologiques. Ce peut être attribué que l'épaisseur de cette zone dépend de la porosité 
du béton et de l'âge des structures. 
Une constitution typique des marbrures dans la couche LD est constatée par 
microphotographie optique. Les spectres Raman montrent que la zone sombre est 
toujours formée par de la Goethite et que les veines qui apparaissent relativement 
claires sont toujours formée par de la Ferrihydrite. La Lepidocrocite a également été 
détectée par le spectre Raman. Néanmoins, il convient de noter que les résultats 
expérimentaux sont un peu différents des résultats obtenus par la technique XRD. La 
comparaison des résultats obtenus, avec ceux publiés sur les analogues archéologiques, 
montre une évolution significative dans le temps, probablement due aux modifications 
locales des conditions de pH et d’apport en oxygène.  
La relation entre ouverture de fissure et réduction de section d’acier a été étudiée dans 
la troisième partie du chapitre I.. Prenant en compte l'évolution du faciès de la 
corrosion au cours de la période de la propagation, la phase de propagation est divisée 
en trois étapes: l’initiation de la fissuration, la première étape de propagation de la 
fissuration, ainsi que la seconde étape de propagation de la fissuration. Au cours des 
deux premières phases, le faciès de corrosion est celui d’une corrosion localisée. Au 
cours de la troisième phase, la corrosion localisée se transforme en une corrosion 
généralisée uniforme. 
Dans les recherches précédentes au LMDC, Vidal et al ont établis un modèle en se 
basant  sur deux poutres corrodées, qui étaient dans le cadre de la corrosion locale 
après 14 ans et 17 ans respectivement d'exposition dans l'environnement salin. La perte 
maximale locale de la section d’acier est liée directement à l'ouverture de fissure. 
Toutefois, pour la poutre corrodée B2CL1, qui a été exposée pendant 23 ans, le faciès 
de la corrosion se transforme en passant d’une corrosion localisée a une corrosion 
généralisée uniforme le long d'une grande partie des armatures en regard des fissures, 
ce qui correspond à la seconde étape de propagation de la fissuration. Il en résulte que 
la relation empirique de Vidal modèle, qui se base sur corrosion locale, ne peut pas être 
correctement corrélée  aux résultats expérimentaux obtenus de la poutre B2CL1.  
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De plus le modèle de Rodriguez et al est comparé avec les résultats expérimentaux. 
Même si le modèle de Rodriguez et al prend en compte le changement du faciès de la 
corrosion par le paramètre de localisationα, la comparaison montre que le modèle de 
Rodriguez ne s’applique ni à la corrosion localisée, ni à la corrosion généralisée dans le 
cas d’un processus de corrosion naturelle dans un environnement salin. Cela est attribué 
au fait que le modèle de Rodriguez a été établi sur des spécimens de petites tailles dans 
le cadre de la corrosion accélérée par l'ajout de chlorure dans le béton et en imposant un 
courant électrique. En effet, la corrosion accélérée par un courant électrique est 
différente de la corrosion naturelle. Elle est plus proche du faciès de la corrosion 
générale. Par conséquent, il faut d’être prudent lorsque les modèles issus des spécimens 
de petite taille soumis la corrosion accélérée sont utilisés dans le cas de structures 
réelles soumise à une corrosion naturelle. D'autres vérifications sont nécessaires avant 
de valider les modèles en place dans les structures. 
Afin de modéliser la corrélation entre la fissuration de la corrosion et le niveau de  
corrosion des armatures au cours de la seconde étape de propagation, la réduction de 
section moyenne ∆Asm est choisie comme le paramètre pour décrire la réduction de 
section d’acier dans le cas de la corrosion généralisée. Les résultats de la poutre B2CL1 
montrent que la réduction de section moyenne des armatures est bien corrélative à la 
largeur des fissures. Par conséquence, un nouveau modèle est déduit reliant l’ouverture 
de fissure et la corrosion d’acier sous le faciès de  corrosion généralisée et uniforme. 
Pour une fissure de corrosion, la prédiction du modèle de Vidal et al (la réduction de 
section localisée des armatures) est toujours plus importante que la prédiction du 
nouveau modèle proposé (la réduction de section moyenne). En particulier, la 
prédiction de du modèle de Vidal et al entraîne un résultat très conservatif. En raison de 
la complexité de la distribution de corrosion des armatures dans les structures, il est 
difficile de savoir au préalable si des parties de la structure sont en "phase de corrosion 
localisée" ou en "phase de corrosion générale". Par conséquent, dans la pratique, les 
deux modèles peuvent être utilisés ensemble pour déterminer la limite minimale et la 
limite maximale de corrosion des armatures pour ré-évaluer le comportement 
mécanique des structures corrodées.  
La quatrième partie du premier chapitre est un article destiné à proposer un critère de 
limite en service des poutres corrodées dans environnement salin. L'évolution de la 
fissuration de corrosion de trois poutres corrodées B1CL1, B2CL1 et B2CL2 a été 
présentée au cours du temps. La comparaison entre les cartes de fissuration et le 
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comportement mécanique en service des poutres (réponse en déplacement) a montré 
que le progrès rapide de la fissuration autour de la zone centrale le long des armatures 
tendues a plus d'influence sur le comportement global des poutres corrodées, ce qui est 
cohérent avec les résultats de la simulation. En effet, les résultats obtenus par 
simulation de la corrosion localisée sur la poutre témoin BT montrent que la réduction 
d'adhérence acier-béton est le principal facteur qui influe sur la rigidité des poutres en 
béton armé en raison de la perte de l’effet raidissant du béton tendu. D’ailleurs, la 
réduction d’adhérence dans les zones décisives (moment maximal) a plus d'influence 
sur le comportement global. Lorsque les poutres sont renforcées avec plusieurs 
armatures, la réduction de l’adhérence acier-béton entre deux fissures de flexion semble 
être proportionnelle au ratio des armatures non- adhérentes dans cette zone. C’est-à-dire, 
si une partie des armatures est adhérente encore au béton, l’effet du béton tendu est 
partiellement en fonction. Les résultats de la simulation expliquent bien l'évolution de 
comportement en service des poutres corrodées.  
Les expérimentations à rupture de deux éléments âgés de 14 ans et de 23 ans ont 
permis de confirmer la corrélation entre la perte de section d’acier et la charge de 
rupture résiduelle. La modélisation du comportement à rupture des ouvrages corrodés 
est donc simplement liée à la perte maximale de section dans les zones les plus 
sollicitées. Cependant dans le cadre d’un diagnostic, l’existence des deux étapes de la 
phase de propagation pose un problème pour connaître le taux de corrosion des 
structures corrodées.  
Se basant les résultats expérimentaux, un modèle qualitatif de la corrélation entre 
l’évolution de la corrosion localisée, de la capacité ultime et du comportement en 
service (rigidité à la flexion) au cours du temps a été proposé afin d'inclure la phase 
d'initiation et propagation de la corrosion pour les structures en béton armé. Dans le 
modèle, lorsque l'adhérence dans les zones les plus sollicitées est totalement perdue, le 
comportement en service des structures n'est plus corrélatif à la propagation de la 
corrosion localisée. Cela peut conduire à la mauvaise conclusion que le comportement 
des structures est stable et fiable. Mais la capacité ultime des structures qui est 
seulement liée à la réduction de section  maximum d'acier au cours de tout le 
processus de corrosion continue de diminuer avec la propagation des piqûres de 
corrosion. Cette situation est dangereuse et donc inacceptable. 
En effet, pour les structures existantes, il n'est pas possible de mesurer directement la 
capacité ultime. Mais il est possible de mesurer les déformations sous charges 
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contrôlées ou d'évaluer les propriétés de réponses dynamiques en utilisant les 
techniques non-destructives. Donc, en ce qui concerne la sensibilité importante de la 
rigidité des structures à la corrosion, il semble que le critère de limite de service fondé 
sur la déformation excessive est un facteur suffisant. Une perte d’adhérence acier-béton 
excessive dans les zones critiques est considérée comme l’état limite de service. Au 
final, une méthode de la comparaison entre la rigidité (ou déformation) calculée et la 
valeur mesurée in situ est proposé avec trois niveaux de précision pour évaluer le 
comportement des structures en béton armé.   
Ensuite, l’article de la partie I-E s’intéresse à la modélisation du comportement 
mécanique des poutres corrodées à partir d’une approche par Macro-Elément. Dans un 
premier temps, des cartes de fissuration des poutres corrodées B1CL1 à 14 ans et 
B2CL1 à 23 ans et des distributions de la corrosion le long des armatures tendues sont 
présentés afin d’analyser le faciès de la corrosion au cours du temps. Selon les résultats 
de la simulation de la corrosion, et dans le cadre du faciès de la corrosion locale au 
cours de la première étape de propagation, le comportement mécanique en service de la 
structure n'est pas influencé directement par la réduction de section locale de l'acier. Il 
est affecté principalement par la dégradation d’adhérence entre l’acier et du béton tendu 
en raison de la perte de confinement due à la fissuration d’enrobage, en particulier dans 
les zones les plus sollicitées. Au cours de la seconde étape de propagation, le faciès de 
la corrosion d'armature est évidemment différent. La corrosion générale uniforme 
progresse le long de l’armatures tendues et conduit à une réduction générale de la 
section d'acier. Par conséquence, le comportement mécanique en service est influencé 
non seulement par la dégradation de l'adhérence acier-béton, mais aussi par la réduction 
générale de section. Donc, deux différents modèles mécaniques du béton armé corrodé 
sont proposées LC modèle et GC modèle. LC (corrosion localisée) modèle est pour des 
structures au cours de la première étape de propagation, dans lesquelles 
l’endommagement de l’adhérence acier-béton est considérée comme une fonction de la 
réduction de section d’armature locale. GC (général corrosion) modèle est pour des 
structures au cours de la seconde étape de la propagation, dans lesquelles le dommage 
d’adhérence acier-béton est considéré comme une fonction de la réduction de section 
moyenne d’armature.  
Afin de prendre en compte l’effet raidissant du béton tendu, une variation linéaire de 
la contrainte du béton et d’armature est adoptée le long de la longueur de transfert. La 
longueur de transfert (noté comme Lt) est la distance nécessaire pour obtenir un 
 11 
transfert des efforts optimal de l’acier vers de béton. L’influence de la corrosion sur 
l’adhérence acier-béton est considérée par l'augmentation de la longueur de transfert. 
Selon l'intensité de la corrosion, la longueur de transfert varie de la valeur Lt=0 pour 
non-corrosion à la valeur infinie pour la réduction totale d’adhérence. Ici, un paramètre 
scalaire de dommage Dc est proposé, qui varie de 0 (non corrosion) à 1 (réduction 
totale due à la corrosion).  Il peut être évalué en fonction de la réduction de section 
d’acier ∆As par une fonction exponentielle. 
Pour prendre en compte l'influence de la perte de section due à la corrosion générale, 
la réduction de section moyenne ∆Asm remplace la réduction de section locale pour 
évaluer la corrosion de l’acier dans la seconde étape de propagation. Dans le calcul de 
l'inertie moyenne d'un macro-élément, la variation de la location d’axe neutre et de 
contrainte d'armature est supposée être linéaire le long de la longueur de transfert. 
Les modèles proposés sont validés sur deux poutres corrodéesavec la distribution 
réelle de corrosion des armatures tendues. La comparaison entre résultats 
expérimentaux et prédictions théoriques montre que le LC modèle est plus adapté pour 
des structures dans la première étape de propagation alors que le GC modèle peut 
sous-estimer l'influence de la corrosion. Pour des structures dans la seconde étape de 
propagation, même si les deux prédictions sont proche des résultats expérimentaux, le 
GC modèle devrait être plus approprié parce qu‘il prend en compte l’influence de la 
réduction de section d’acier sous la corrosion généralisée. Néanmoins, à cause de la 
complexité de la distribution de corrosion dans des structures en béton armé de grandes 
dimensions, il est difficile de déterminer le faciès de la corrosion uniquement selon des 
cartes de fissuration. Par conséquence, les deux modèles devraient être utilisés et être 
comparés dans le calcul. 
À la fin de Chapitre I, les nouveaux modèles ont été appliqués afin de prédire le 
comportement mécanique en service des poutres corrodées à partir des relevés 
non-destructifs de la fissuration de corrosion. Les déplacements à mi-portée des poutres, 
qui ont été stockés dans l'environnement salin sous le chargement de flexion 3 points 
ont été calculés en fonction de des cartes de fissuration. Le modèle utilisé consiste à 
découper la poutre en macro-éléments, dont la taille est fixée, entre autres, par la 
position des fissures de flexion. A partir du modèle liant la fissuration à la corrosion 
d’armature, des distributions de corrosion des aciers sont estimées. Sur la base des 
pertes de section des aciers par corrosion, un endommagement de la liaison acier-béton 
est calculé, permettant de ré-évaluer la rigidité en flexion du macro-élément. 
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La comparaison entre des résultats expérimentaux et prédictions de modèle montre 
que, pour les poutres à 14 ans, le LC modèle donne une meilleure prédiction du 
comportement mécanique en service que le GC modèle. Ce qui est cohérent avec les 
observations sur ses cartes de fissuration : beaucoup de petites fissures indépendantes 
ont été vues le long de des armatures tendues. Ce qui correspond à de la corrosion 
locale et donc les poutres à 14 ans sont bien dans le cadre de la première étape de 
propagation. Pour les poutres à 23 ans, les prédictions du déplacement à mi-portée par 
le GC modèle ont été sous-estimées en comparaison avec les résultats expérimentaux, 
alors que les prédicions par le LC modèle ont été surestimées. Cela peut être attribué à 
l'évolution du faciès de la corrosion locale vers la corrosion générale des poutres à 23 
ans. Elle conduit à des prédictions de la corrosion d’acier plus importante par le modèle 
de Vidal et al qui est approprié pour la corrosion locale, et donc par conséquent, elle 
entraîne une surestimation de la déformation même si le modèle LC ne tiens pas 
compte de l'effet de réduction de section d'acier. Au contraire, dans le modèle GC, 
même si il prend en compte de l’effet couplage du dommage d’adhérence acier-béton et 
de la réduction de section moyenne d’acier, l’endommagement de l’adhérence a été 
sous-estimé parce que calculé sur la base de la réduction de section moyenne. En 
conséquence, les deux modèles mécaniques sont utiles dans le diagnostic non destructif 
de la structure corrodée. Normalement, ils peuvent être utilisés pour déterminer la 
limite minimale et la limite maximale du changement de comportement mécanique en 
service. 
Le second chapitre de la thèse étudie le rôle de l’interface acier-béton sur l’initiation 
et la propagation de la corrosion des armatures du béton armé en atmosphère saline. 
Pour ce faire, 5 murs en béton ont été coulés, chacun comprenant 10 armatures 
régulièrement espacées sur la hauteur de façon à provoquer des défauts d’interface liés 
au coulage du béton. Le suivi du développement de la corrosion est réalisé par mesures 
électrochimiques à échéances régulières.  
L’analyse de l’évolution de la résistance de polarisation en fonction du temps a permis 
de confirmer l’importance de la qualité de l’interface sur l’initiation de la corrosion. La 
qualité de l’interface acier-béton en fonction de l’enrobage et de l’environnement peut 
jouer un rôle dans le processus de la corrosion. Une interface parfaite peut retarder le 
démarrage de la corrosion par le blocage de la formation des piles de corrosion et réduit 
la vitesse de la corrosion au cours de la période de la propagation en limitant l’accès à 
l’oxygène. Des résultats montrent que le démarrage de la corrosion est plus sensible à 
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l’apparition des défauts qu’à la taille des défauts. La corrosion tend à se développer 
dans la  zone des défauts. Le séchage initial des éprouvettes favorise la propagation de 
la corrosion   
La comparaison de la perte de masse entre les résultats mesurés et les valeurs 
calculées à partir de la mesure de Rp montre que la mesure de Rp est une bonne 
méthode non destructive pour évaluer la corrosion d'acier. En raison de la sensibilité de 
la corrosion due aux chlorures à l'environnement, la précision de la mesurede Rp peut 
être influencée par de nombreux facteurs, par exemple l'humidité, l’enrobage du béton, 
fissuration de corrosion etc. Par conséquent, un certain nombre de mesures prises au 
hasard au cours des cycles sont nécessaires pour prédire des taux de corrosion plus 
précis et plus fiable. 
La présence de deux étapes distinctes dans la phase de propagation est aussi constatée 
dans cette partie: un développement de piqûres (corrosion locale) qui conduit à une 
fissuration coïncidentes avec l’armature puis une généralisation de la corrosion 
(corrosion généralisée puis homogène) liée à la présence des fissures de corrosion. Le 
lien avec la première partie de la thèse est fait au travers de la détermination de l’état de 
corrosion (localisée ou généralisée) des corps d’épreuve, à  partir des ouvertures de 
fissures mesurées. Les modèles liant la corrosion de l'acier à la fissuration peuvent 
mieux prédire la corrosion de l'acier lorsque les spécimens ont une meilleure qualité 
d’interface indépendamment de la corrosion localisée ou de la corrosion générale. Mais 
ils sous-estiment le niveau de la corrosion d'acier pour les spécimens avec interface de 
mauvaise qualité à cause de l'effet des défauts.  
En conclusion, dans la thèse, la recherche a été réalisée sur la période d'initiation de 
corrosion et la période de propagation ainsi que l’influence de la corrosion sur le 
comportement mécanique des structures en béton armé. Toutes les expériences de 
corrosion ont été réalisées sous cycles séchages/humidification ou d'immersion dans 
l'eau salée. Bien que cela représente une variante accélérée du véritable processus, et 
par rapport à la corrosion accélérée par l'ajout de chlorures dans les mélanges de béton 
ou d'imposer le courant électrique, la corrosion obtenue dans cette thèse est beaucoup 
plus proche de celle observée en réalité, en ce qui concerne la distribution de la 
corrosion, le type de corrosion et les oxydes formés. 
Deux étapes sont constatées au cours de la période de la propagation de la corrosion: 
la première étape de propagation caractérisée par de petites fissures le long des 
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armatures due à une corrosion par piqûres  (corrosion localisée) et la seconde étape de 
propagation caractérise par des fissures plus larges et interconnectées - la corrosion 
localisée se transforme en une corrosion généralisée uniforme (changement de faciès de 
corrosion).  
Un nouveau modèle est proposé pour lier la corrosion généralisée en terme réduction 
de section d’acier en focntion de la fissuration de corrosion. Selon les résultats de 
simulation et de l'évolution de la corrosion, différents modèles de comportement 
mécanique du béton armé ont été proposés respectivement à la première étape et 
seconde étape de propagation. Toutefois, le comportement à rupture  des structures 
corrodées est simplement lié à la perte maximale de section d’acier dans les zones les 
plus sollicitées.  
Comme la corrosion des structures de dimensions courantes en bâtiment est complexe 
et évolue progressivement, il est difficulté de savoir au préalable si des parties de la 
structure est en "phase de corrosion localisée" ou en "phase de corrosion générale". Il 
est proposé que les deux modèles devraient être utilisés ensemble pour le diagnostic 
non-destructif afin d’encadrer la réponse réelle. 
Bien que la corrosion des armatures entraîne la détérioration du comportement 
mécanique, les résultats du programme expérimental à long terme montrent que les 
structures en béton armé peuvent parfaitement assurer un comportement mécanique 
durant une large partie de la phase de propagation de la corrosion. Cette période  
devrait être prise en compte dans la durée de vie des ouvrages. 
A cause de les modèles dans la thèse ont été déduit de résultats expérimentaux basés 
sur des poutre avec le même type de section et la même composition du béton, il serait 
nécessaire de valider les modèles sur des poutres d’autres type avec un enrobage 
différent et des différentes compositions du béton, ainsi que d’autre types des 
structures.   
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INTRODUCTION GENERALE 
 
Cette thèse est rédigée en grande partie en Anglais sur la base d’une compilation 
d’articles acceptés, soumis ou à soumette à des revues internationales. Ce choix validé 
par le Conseil Scientifique de l’INSA a été fait pour tenir compte de mes difficultés avec 
la langue Française. Dans la première partie sont ainsi proposés 4 articles dont un est 
accepté pour publication dans la revue Materials&Structures (SPRINGER), un en cours 
de relecture pour Cement and Concrete Research (ELSEVIER) et les autres en cours de 
relecture interne au Laboratoire. Pour la seconde partie de thèse, un texte long a été 
également rédigé mais pour le moment non encore finalisé sous la forme d’un acticle 
pour une revue internationale. 
 
Première partie de la thèse : Etude de la phase de propagation de la 
corrosion et de ses conséquences mécanique en service (raideur) ou à 
rupture. 
 
La première partie de cette thèse utilise et poursuit un programme de vieillissement du 
béton armé démarré en 1984 à Toulouse et dont le support en était la thèse de doctorat de 
Raoul François [François R., 1987]. Ci-après est présenté un rappel de ce programme. Il 
a bénéficié d’un financement de l’AFREM (Association Française de Recherche et 
d’Etudes sur les Matériaux) et de l’AFB (Association Française du Béton) qui ont depuis 
fusionnées pour donner naissance à l’AFGC (Association Française du Génie Civil) 
[François et Arliguie, 1985]. L’objectif initial de l’étude était de comprendre les relations 
existantes entre la fissuration de service (structurale) du béton armé et la corrosion des 
armatures. En effet, les règlements de calcul (de l’époque) limitaient l’ouverture des 
fissures structurales afin d’obtenir une durée de vie suffisante en environnement agressif 
sans que ces mesures s’appuie sur une base expérimentale suffisamment pertinentes. 
L’objectif de l’étude était donc clairement d’apporter des données supplémentaires pour 
pouvoir proposer une modification des règlements le cas échéant. 
 
(Les résultats obtenus bien que très clair sur la question n’ont jamais été utilisés à cette 
fin, la faute sans doute au travail sur les Eurocodes dont l’approche de durabilité 
vis-à-vis de la corrosion repose sur une limitation de l’ouverture de fissure certes mais 
dans une gamme moins pénalisante (ouverture maximum de 0,3 mm) pour le 
dimensionnement que les différents BAEL successifs). 
 
Pour répondre à l’objectif fixé, R. François avait bâti un vaste programme expérimental 
à long terme utilisant des échantillons de taille représentative des éléments de structure. 
Afin d’apporter des données exploitables dans un contexte normatif, une vraie fissuration 
structurale a été choisie en relation aux dimensionnements réglementaires et cette 
fissuration a été maintenue durant les 17 premières années de l’étude par un système 
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adéquat de mise en charge [François R., Ringot E.]. Les phénomènes différés, importants 
dans le cas des structures en béton armé, ont donc été pris en compte. Les plans de 
ferraillage des poutres A et B sont présentés dans la Figure 1. 
 
Programme expérimental sur lequel est basé la première partie de la thèse 
 
Pour évaluer la pertinence de la réglementation en vigueur, un premier type de poutre 
(nommé A) a donc été dimensionné vis-à-vis de l’Etat Limite de Service (ELS) 
fissuration très préjudiciable : enrobage maximal 4 cm (aujourd’hui ce serait 5 cm), 
limitation de la charge de service applicable par l’intermédiaire de la contrainte 
maximale des aciers tendus en fond de fissure structurale (176 MPa), diamètre minimal 
des armatures transversales (8 mm) ; et un deuxième type de poutre (nommé B) a été 
dimensionné pour le cas le moins défavorable à l’Etat Limite Ultime (ELU) : enrobage 
minimal 1 cm (aujourd’hui ce serait 2 cm), diamètre des armatures transversales minimal 
de 6 mm. Les plans de ferraillage des poutres A et B sont présentés dans la figure 1. 
 
 
Figure 1 : Plan de ferraillage des deux types de poutre 
 
Les deux types de poutres étant ensuite couplés par le dispositif de mise en charge 
(Figure 2), le diamètre des armatures longitudinales a donc été calculé pour que la même 
charge corresponde à la fois à un dimensionnement ELU et ELS.  Il était également 
important de faire varier l’ouverture des fissures structurales pour les deux enrobages 
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choisis, on a donc décidé de réaliser également un dimensionnement ELU pour le type de 
poutre A d’enrobage 4 cm, ce qui a conduit en fait à un dimensionnement  des poutres B 
d’enrobage 1 cm à 80% de la charge de rupture à 28 j soit également une contrainte 
maximale de traction dans les aciers de 352 MPa qui correspond au double du 
dimensionnement ELS. 
 
 
 
 
 
 
 
 
 
 
Figure 2 : Système de mise en charge des poutres par accouplement 
 
A priori, deux types d’environnement agressif ont été identifiés pour l’étude : il 
s’agissait d’un environnement salin avec un taux de chlorures équivalent à celui de 
l’océan atlantique (35 g/l) et un environnement favorisant la carbonatation du béton 
d’enrobage. Ces deux environnements correspondants à l’ensemble des pathologies de 
corrosion des aciers : dépassivation locale des armatures par les chlorures ou 
dépassivation totale de l’armature en raison de la baisse de pH produite par la 
carbonatation. 
 
L’ensemble de ces paramètres : 2 types de poutres, 2 niveaux de chargement, 2 
ambiances de conservation, un choix d’étude à long terme avec des destructions de 
poutres pendant le durée de la thèse a conduit à la fabrication de 2*2*2*4=32 (échéances) 
dont 4 poutres par ambiance, instrumentées pour faire un suivi électrochimique et avec 
en plus 4 poutres témoins  conservées à l’extérieur également instrumentées pour un 
suivi électrochimique ; ce qui représente un total de 64 + 4 poutres. Une des premières 
difficultés a été liée à la construction de ces poutres : les ferraillages ont été confiés à une 
société de préfabrication toulousaine (Sodafer) et le coulage des poutres a été 
pratiquement entièrement réalisé par R. François aidé de E. Ringot (également doctorant 
à cette époque) avant l’été 1984. Il a ensuite fallu construire les enceintes de 
conservation pour les deux types d’ambiances retenues. Compte-tenu des moyens 
financiers réduits, il a été nécessaire de réaliser des enceintes à l’intérieur du laboratoire, 
c’est donc une solution PVC (pour les cadres) et polyéthylène qui a été retenue 
(également construites par R. François). Celle concernant le brouillard salin a été réalisée 
par l’intermédiaire d’un circuit d’air comprimé pulvérisant aux 4 coins de l’enceinte le 
brouillard salin grâce à une alimentation gravitaire en eau salée (Figure 3). L’enceinte 
carbonique avait la même configuration et le gaz carbonique était injecté en volume 
identique à celui de l’air dans l’enceinte via deux débitmètres identiques reliés à deux 
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bouteilles de gaz (CO2 et air). Un humidificateur était prévu dans l’enceinte pour 
permettre une humidification suffisante en vue du démarrage du processus de corrosion 
et également la possibilité de réaliser les mesures de potentiel électrochimique qui 
nécessitent un béton suffisamment humide. Le temps nécessaire pour trouver une place 
dans le laboratoire, puis la fabrication des poutres, ont conduit à un démarrage des 
expérimentations en fin d’année 1984. Les poutres étaient alors âgées de plus de 6 mois 
lors de la première mise en chargement, elles sont ensuite été exposées pendant 1 
semaine à une pulvérisation d’eau afin de les re-humidifier pour pouvoir à la fois obtenir 
une diffusion des chlorures (milieu saturé) et une mesure de potentiel d’électrode initiale. 
De même, les poutres destinées au vieillissement vis-à-vis de la carbonatation ont été 
humidifiées dans le but d’établir les cartes initiales de potentiels d’électrode. 
 
 
Figure 3 : Schéma de la première enceinte de conservation en ambiance saline 
 
Le chargement à 6 mois des poutres étant peu courant dans la construction, il a été 
décidé de recouler 4 poutres différentes par enceintes de conservation (A1, A2, B1, B2) 
afin de les mettre en charge à 28j puis en vieillissement avec une instrumentation par 
potentiels d’électrode afin de faire la comparaison du comportement des poutres 
chargées à 6 mois. 
 
 19
 
Figure 4 : Fissuration typique des poutres après chargement à 6 mois aux deux niveaux 
de sollicitation 
 
Le nombre total des poutres mis en vieillissement était donc de 68 poutres chargées à 6 
mois plus 8 chargées à 28 j, ce qui fait un total de 76 poutres. La figure 4 présente les 
ouvertures des fissures de flexion mesurées après mise en charge à 6 mois.  
 
Principales expérimentations réalisées pendant la durée programme 
 
On peut distinguer trois périodes majeures dans la conservation des poutres 
 
Première période : 1984 – 1990 (1992): 3 ambiances de conservation : brouillard salin – 
ambiance carbonique – extérieur couvert 
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Conservation Ambiance Saline Témoins
Poutres Série I Série II
Type B1 B2 A1 A2 B1 B2 A1 A2 B1 B2 A1 A2
Sollicitation daN.m 13
50
21
20
13
50
21
20
13
50
21
20
13
50
21
20
13
50
21
20
13
50
21
20
Suivi de la corrosion 
mesure de potentiel 1 1 1 1 1 1 1 1 1 1 1 1
28 j 1 1 1 1 1 1 1 1 1 1 1 1
Cartes de 1 an 1 1 1 1
fissuration 6 ans 1 1 1 1
7 ans 1 1 1 1 1 1 1 1
28 j 1 1 1 1
Résistance 1 an 1 1 1 1
en flexion 5 ans 1 1 1 1
28 j 1 1 1 1
Etude de 1an 1 1 1 1
l'endommagement 5 ans 1 1 1 1
5.5ans
6.5ans
1 an 1 1 1 1
Cartes de 5 ans 1 1 1 1
corrosion 5.5ans
6.5ans
3 mois 1 1 1 1
Cinétique de la 9 mois 1 1 1 1
1an 1 1 1 1
corrosion 5 ans 1 1 1 1
5.5ans
6.5ans
Figure 5 : Récapitulatif des poutres testées durant la première période de l’étude 
 
Cette période correspond à la durée de vie des enceintes de conservation. Deux thèses 
ont été soutenues pendant cette période, celle de Raoul François et celle de Ziad Hamdan. 
Le mode de conservation correspond pour le brouillard salin à une pulvérisation 
« continue » sauf les WE et les périodes de vacances. 
Nombre de poutres testées : 4 x 4 par ambiance de conservation 
x 2 pour les 2 modes de conservation = 32 poutres 
plus les 4 témoins situés à l’extérieur = 4 poutres (Le récapitulatif des poutres testées 
durant cette période est donné par Figure 5) 
donc total = 36 poutres 
Poutres restantes : 40 
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Seconde période : 1992-2000 : 2 ambiances de conservation : brouillard salin et intérieur  
 
Cette période correspond au déménagement des poutres de l’ambiance saline à 
l’extérieur du labo dans un préfabriqué et à une modification de la pulvérisation qui 
devient cyclique par période de 15 jours d’humidification et 15 jours de séchage naturel. 
Les poutres initialement stockées en ambiance carbonique sont recyclées en poutres 
témoins : en effet, leur très faible niveau de carbonatation (< 1-2 mm) associé à une 
repassivation en fond de fissure en fait d’excellents témoins. Durant cette période la 
dégradation des poutres conservées en ambiance saline se développe rapidement jusqu’à 
mettre en péril la résistance des éléments B2 initialement chargés à 80% de la charge de 
rupture : nous décidons donc de supprimer la mise en charge pour pouvoir laisser vieillir 
les poutres sans risquer leur rupture ce qui nous empêcherait de continuer à étudier la 
modification du comportement mécanique des poutres corrodées en fonction du niveau 
de corrosion. Deux thèses ont été soutenues pendant cette période, celle d’Arnaud Castel  
et celle de Thierry Vidal. 
 
Nombre de poutres testées à rupture : 1 poutre A et 1 poutre B conservées en ambiance 
saline et 4 témoins (1 B à rupture, 2 B pour des simulations, 1 A à rupture) 
Poutres restantes : 34  
 
Troisième période : 2000 à maintenant (2008) 
 
Cette période correspond donc à la conservation des poutres polluées par les chlorures 
dans l’enceinte de conservation mais sans charge appliquée et pulvérisation de brouillard 
salin. Durant cette conservation, le niveau de corrosion augment régulièrement ce qui 
permet de réaliser des essais mécaniques de mesure de modification de la rigidité ou de 
la charge de rupture d’affiner les modèles de comportement mécanique. Cette période est 
donc l’objet de la première partie de la thèse et les tests ont eu lieu sur les échantillons 
suivant. Nombre de poutres testées à rupture : 1 poutre B et 2 B témoins (dont 1 pour les 
simulations de la corrosion) 
Poutres restantes : 31 (mais 9 poutres en brouillard salin) 
 
Travail réalisé sur le programme de vieillissement à long terme au cours de cette 
thèse 
 
Pour la première partie de la thèse, le travail a donc consisté à faire un suivi exhaustif 
des poutres B restantes en terme de :  
-cartes de fissuration de corrosion 
-rigidité de flexion sous charge de service 
-simulation des effets de la corrosion : perte d’adhérence et perte locale de section 
d’armature sur les poutres témoins 
Et pour une poutre B corrodée repérée B2Cl1, une analyse exhaustive du comportement 
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mécanique en service et à rupture, une analyse de la morphologie de la corrosion, une 
analyse des taux de chlorures. L’ensemble des données récoltées au cours de ces essais a 
permis de proposer une séparation en deux étapes du processus de propagation de la 
corrosion, une modélisation complémentaire des ouvertures de fissures de corrosion en 
fonction du niveau de corrosion et une stratégie de modélisation pour le comportement 
en service ou à rupture. Un critère de fin de service des éléments corrodés basé sur la 
perte d’adhérence acier-béton due à la corrosion a été proposé. 
 
Un relevé de fissuration de corrosion a été également réalisé pour les poutres A 
restantes, ainsi que des essais mécaniques en service pour mesurer la raideur. Cependant 
en l’absence de données exhaustives qui auraient été obtenues sur un essai à rupture, il a 
été décidé de ne pas en parler dans le cadre de cette thèse. 
 
Deuxième partie : Etude du rôle de l’interface acier-béton pour la phase 
d’initiation et de propagation de la corrosion  
 
L’étude du vieillissement des Poutres BA complétée dans la première partie de cette 
thèse a confirmé un nombre important de paramètres plus ou moins couplés influençant 
les phases d’initiation de la propagation de la corrosion. Un de ces paramètres est la 
qualité de l’interface acier-béton qui a été mis en évidence de façon « fortuite » en tant 
qu’ « effet pervers » de la conception générale des expérimentations initiales. En effet, 
comme rappelé précédemment, lors du montage du projet les principaux paramètres de 
conception ont été l’optimisation du nombre de poutres, du système de mise en charge et 
du système de conservation en ambiance agressive. Ainsi, la mise en œuvre par 
superposition des poutres de type B avec les poutres de type A, coulée « à l’envers », a 
conduit une initiation de la corrosion sur les armatures supérieures par rapport au sens de 
coulage pour les poutres A (aciers tendus) et B (aciers comprimés); précisément pour les 
armatures présentant (entre-autres) des défauts d’interface liés à la mise en place : 
ressuage et tassement du béton. Les armatures supérieures (tendues) des poutres de type 
A cumulaient un autre défaut d’interface qui est un endommagement mécanique de la 
liaison acier tendu-béton. Cet endommagement existait également pour les armatures 
tendues des poutres de type B et l’initiation de la corrosion est apparue peu de temps 
après (environ 1 an) celle des armatures supérieures. De même la phase de propagation a 
concerné les mêmes armatures. Ainsi il est important de noter que les armatures 
comprimées ‘supérieures) des poutres A ne présentent pas d’initiation ni de propagation 
de la corrosion encore aujourd’hui. 
 
Pour mieux comprendre les interactions entre les défauts d’interface et l’initiation de la 
corrosion, un protocole expérimental a été mis a point pour obtenir des échantillons de 
petite taille avec des défauts variables mais toujours soumis à une corrosion naturelle. 
Dans cette partie seront présentés : les 5 types d’échantillons ou d’environnement de 
conservation, l’analyse des défauts d’interface obtenus, le suivi de la résistance de 
polarisation en fonction du temps, le début des phase d’initiation puis de propagation le 
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cas échéant, l’évolution des fissures de corrosion en fonction du temps, la comparaison 
entre ouverture de fissure et taux de corrosion avec les modèles développés dans la 
première partie de la thèse concernant les poutres, et la comparaison entre les pertes de 
masse prévues par mesures électrochimiques et celle mesurées. 
 
Les résultats obtenus dans ces deux parties seront ensuite comparés pour mettre en 
évidence les principales conclusions de ce travail. 
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Chapter I – Study on the corrosion propagation phase and its 
influences on mechanical behaviour of corroded beam 
 
Chapitre I - Etude de la phase de propagation de la corrosion 
et de ses conséquences sur le comportement mécanique en 
service (raideur) ou à rupture. 
 
I-A- Evolution du faciès  corrosion des armatures et ses conséquences 
sur le comportement mécanique en service du béton armé en 
atmosphère saline 
 
Cette partie présente l’étude en service de l’ensemble des poutres B restantes ainsi 
que l’étude exhaustive de la corrosion de la poutre B2Cl1 afin de caractériser le 
mécanisme de corrosion au cours de la phase de propagation de la corrosion et 
l’évolution du fonctionnement en service (réponse en déplacement). 
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The corrosion pattern of reinforcement concrete and its influence on 
serviceability of reinforced concrete members in chloride environment 
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Abstract 
 
This paper will focus on the study of two corroded reinforcement concrete beams that 
have been conserved under charge in a chloride environment for 14 and 23 years 
respectively. The corrosion pattern of the rebars and the process of corrosion under a 
“natural chloride” favourable environment were studied and explained using the 
principle of macrocells and microcells. In a corrosion pattern evolution, the corrosion 
cracking is regarded as an important division because it changes the ingression manner 
of aggressive agents and induces a damage in steel-concrete interface around the tip of 
corrosion crack. Before such a cracking initiation, the chloride-induced localized 
corrosion is predominant and always occurs on a bad-quality interface. After cracking 
due to corrosion, general corrosion develops in the vicinity of the corrosion crack. In a 
rapid cracking propagation, general corrosion becomes the predominant corrosion 
pattern. In order to clarify the influence of corrosion pattern on mechanical behaviour, 
the mechanical experiment and simulation test were carried out on a corroded beam and 
a control beam. The simulation results have shown that the bond strength and its 
modification due to corrosion have a significant effect on the global behaviour of the 
beam, whereas the localized corrosion has no direct influence on the in-service 
mechanical behaviour of the beam if the bond strength is not modified. In fact, pitting 
attacks affect the serviceability of the reinforced concrete beam by the bond degradation. 
When the steel-concrete bond is lost along most part of tensile rebar, the serviceability of 
beam will only be influenced by general reduction of steel cross-section of tensile bar. 
 
Key: words: Chloride corrosion, Pattern of corrosion, Serviceability, Localized corrosion, 
General corrosion, Bond strength 
 
1. Introduction 
 
Corrosion of reinforced bars in concrete is one of the main causes observed to induce 
premature deterioration of concrete structures and contribute to an ultimate structural 
failure. In general, there is a passive film on the surface of embedded reinforcing steel 
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under high alkaline condition of concrete. Its distribution is not uniform and depends on 
the nature of the cement, the w/c ratio etc. In some zones, a thickness of 20~25 µm has 
been observed, but this may be absent in other zones [1-2]. However, when an aggressive 
agent such as chloride ions reaches the reinforcement, and the total chloride level 
exceeds a given threshold, the condition of passivity may be destroyed, and this triggers 
corrosion. Chloride ion forms soluble complexes with iron leading to localized 
acidification and consequent pit growth. Hence, chloride-induced corrosion is a very 
local and non-uniform phenomenon on a steel surface.  
 
The corrosion products residing at the steel-concrete interface are expansive and its 
volume is at least 2 to 7 times greater than that of initial steel, which induces the 
cracking of concrete and degrades the steel-concrete bond [3-6]. The bond strength 
degradation is generally considered as an important reason, which influences the 
behaviour of RC element. Based on small specimens and accelerated corrosion process, 
considerable researches have been done to study the correlativity between corrosion and 
the bond strength. It has been observed that a slight corrosion is susceptible to increase 
the bond strength, whereas severe corrosion would decrease the bond strength [7-8]. 
 
Corrosion affects the safety and serviceability of a concrete structure [5-6] by increasing 
deflection, the reduction of structural capacity and the reduction of ductility. According 
to Castel et al [9-10], the degradation due to corrosion in the tension area of the beam 
significantly modifies service behaviour. Nevertheless, a local cross-section reduction 
has no influence on the global behaviour when the bond strength is not modified, 
whereas it can result in a loss of ductility. Vidal et al [11] have investigated a corroded 
beam under the couple effect of load and chloride environment to study the corrosion 
evolution for a period of 17 years. He has observed that corrosion rate goes on increasing 
in the tension zone, but it remains constant in compression zone. Deflection 
measurement shows a significant decrease of stiffness over a period of 14 and 17years 
due to corrosion increase. 
 
Under a natural chloride-induced corrosion, corrosion activities along reinforced bars are 
quite different and heterogeneous showing on the specific location, the intensity, and the 
diverse corrosion rates on different areas of the same re-bar or the different 
reinforcements with the same condition. Research carried out by François et al [12-13] 
shows that, when a load is applied on a RC beam, there is a remarkable rate of 
penetration of aggressive agents. Corrosion firstly occurs on the interface of poor quality 
due to bond damage induced by the load or the “top-bar” effect [17]. In order to better 
understand the corrosion system, the work of Poupard et al [14] on the steel-concrete 
interface after a long-term exposure in natural environment shows that the composition 
and thickness of the corrosion product layer varies with the corrosion degree and the 
zone of high-corrosion is always situated closer to corrosion cracks. J.A. Gonzalez [15] 
has studied the relationship between the rates of general corrosion and pitting corrosion 
on concrete embedded steel based on both natural and accelerated chloride corrosion 
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testing. The maximum penetration of localized attack on “rebar” is equivalent to about 
four to eight times the average penetration.  
 
However, even if corrosion and its effect on the behaviour of RC element are still the 
focus of research, there is very little literature about the evolution of corrosion pattern 
under a natural chloride corrosion and its influence on the behaviour of corroded element. 
In this paper, in order to investigate the evolution of corrosion pattern on the rebars, 
experiments were carried out on two corroded RC beam exposed to aggressive 
environment and a control beam that were cast at the same time and placed in a 
controlled setting environment. All of them were stored under sustained load. The 
cracking maps of corroded beams were drawn, and mechanical tests in service were 
performed to evaluate the modification of serviceability of the corroded beams. 
Afterwards the reinforcing steels were taken out to measure the distribution of corrosion 
by measuring the loss of mass. For a better understanding the effect of bond strength and 
local corrosion on mechanical behaviour of beam, simulation tests of corrosion have 
been done on the control beam. 
 
2. Experimental context 
 
The research results come from a long period of experimental program dedicated to the 
study of a natural corrosion performed on RC beams under loading in an aggressive 
environment. It started in 1984 at Laboratoire Matériaux et Durabilité des Constructions 
(L.M.D.C.) in INSA-Toulouse (France). A batch of total 36 RC beams of common 
dimension as supplied by industry cast with two different section types A and B were 
stored in a chloride environment under sustained loading. At the same time, another 
batch of 36 RC beams of same composition serving as control beams were cast but 
stored under laboratory conditions (non-aggressive environment) for comparison. There 
were two levels of loadings applied on the beam. At different specific periods, 
experiments were carried out to collect the data such as of cracking map, chloride 
content, and mechanical behaviour under service load. Some of them have been tested 
until failure to evaluate its ultimate capacity and inspect the distribution of rebars 
corrosion. At present, the program is still in progress. In this paper, only the experimental 
results obtained on type B have been reported. 
 
 Reinforced concrete specimens 
 
The compositions of concrete and cement chemical composition are given in Table 1 and 
Table 2. Water content was adjusted to obtain a slump of 7 cm. The average compressive 
strength and elastic modulus obtained on cylinder specimens (110×220 mm) were 45 
MPa and 32 GPa at 28 days. 
 
Beam A was cast with 40 mm concrete cover, beam B was cast with 10 mm concrete 
cover as shown in Fig.1 (corresponding to the maximum and minimum cover according 
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to French standards at the time of manufacturing). 
 
Table 1. Concrete composition (kg/m3) 
Mix component   
Rolled gravel (silica + limestone) 5/15 mm 1220 
Sand 0/5 mm 820 
Portland Cement: OPC HP (high 
perform) 
 400 
Water  200 
 
Table 2. Cement composition (%)  
 SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O 
Weight 21.4 6.0 2.3 63.0 1.4 3.0 0.5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. The layout of reinforced concrete beam 
 
 Conservation modes 
 
All the B beams were loaded in 3-point bending at the design service load Mser1=13.5 
kN.m or Mser2=21.2 kN.m (Fig.2). Mser1 corresponds to about 50% of the failure load, the 
maximum stress in the tensile steels σs was 240 MPa (Ultimate limit state design in 
non-aggressive environment according to French standards). Mser2 corresponds to about 
80% of the failure load, the maximum stress in the tensile steels σs was 380 MPa (about 
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two times the Serviceability limit state design in chloride environment according to 
French standards). Due to the mechanical device used to load the beams [12], B beams 
were always located above the A beams. For all of these beams, the upper surface 
corresponded to the bleeding surface. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Loading system in three-point flexion. 
 
The aggressive environment was a salt fog (35 g/l of NaCL corresponding to the chloride 
concentration of sea water). The full-size specimens have been stored under loading 
conditions in a confined room, in which there were four sprays located on each upper 
corner of the confined room. The aggressive conservation mode of beams was: 
- 0 to 6 years: cycles of 15 drying days and 7 wetting days under laboratory 
conditions (T≈20 oC), 
- 6 to 9 years: cycles of 7 drying days and 7 wetting days under laboratory 
conditions (T≈20 oC), 
- 9 to 19 years: cycles of 7 drying days and 7 wetting days, however the confined 
room was transferred outside, so the beams were exposed to the temperature of the 
southwest of France, 
- 19 to 23 years: cycles have been stopped, unloaded, the beams submitted to the 
temperature of the southwest of France and had corroded naturally. 
 
The control beams have been stored under laboratory environment of constant 
temperature (T≈20 oC) and subjected to wetting cycles during the first six years. During 
the first seventeen years, they were loaded in 3-point bending like the corroded beams. 
Afterwards they were freed from the load but were kept at constant temperature. 
 
3. Experimental program  
 
Although the corroded beams under study in this paper also represent an accelerated 
version of the real process, concerning the corrosion distribution and the compositions of 
oxide produced, the corrosion obtained herein is much closer to that observed in natural 
conditions than experiments using electrical accelerated process. Herein, two corroded 
beams B1CL1 and B2CL1 tested until failure after 14 years and 23 years respectively are 
Casting 
direction
Beam B
Beam A
Tensile zone
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chosen to analyse the evolution of the corrosion pattern and its mechanical behaviour. A 
control beam BT cast at the same time using the same compositions and stored under 
laboratory condition has been used to do the comparative tests and simulation tests. 
 
3.1.Cracking maps  
 
At first, the cracking maps of beams B1CL1 and B2CL1 are drawn with exact locations 
of flexural transverse cracks and longitudinal corrosion cracking, after 14 years and 23 
years of exposure respectively. As only the longitudinal cracks are caused by the 
corrosion of reinforcement, the widths of flexural cracks are not indicated on the 
cracking maps. We have measured the crack width by means of a binocular lens with an 
accuracy of 0.02 mm. 
 
3.2.Assessment of the reinforcement cross-section loss 
 
The distributions of steel cross-section reductions along all the tensile bars of the 
corroded beams B1CL1 and B2CL1 were measured after the mechanical test up to 
failure. To evaluate the corrosion damage, the covering concrete was completely 
removed from its reinforcement. We assessed the steel cross-section reduction from the 
reinforcement mass loss. Reference mass of reinforcement per unit of length was 
measured using parts of the same rebar in non-corroded areas. In corroded areas, the 
residual mass per unit of length of the sample was evaluated after the complete removal 
of the corrosion products (using Clark's solution ANSI/ASTM G1-72) and then related to 
the reference mass. The average reinforcement mass loss per unit of length ∆m was then 
calculated. In the case of local pitting attacks the length of the samples could be inferior 
to 5 mm. The steel cross-section loss was finally deduced from the loss of mass using the 
relation: 
ss A
m
mA ⋅∆=∆  
Where ∆As is the average steel cross-section loss (mm2) on the sample length, As is the 
sound steel cross-section (mm2) and m is the reference mass per unit of length. A more 
detailed physico-chemical study of these two beams is already available [16]. 
 
3.3.Serviceability of corroded beam and control beam 
 
Only the evolution of the serviceability corroded beams and control beam is reported in 
this paper. The serviceability is analysed through measurements of the deflection at the 
mid-span of corroded beams B and control beam BT under a constant rate loading in 
three-point flexion. The service loading (Mser=13.5 kN.m) corresponds to a load of 20 
kN. The vertical displacement at the mid-span of the beam is measured using numerical 
displacement sensors with an accuracy of 0.01 mm. 
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3.4.Simulated experiment 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. The control beam BT. 
 
The pitting attack is a characteristic of natural chloride corrosion. The simulation was 
carried out on the control beam BT to clarify the respective influence of local 
cross-section reduction and steel-concrete bond degradation on the serviceability 
(deflection). The maximum loading applied during these simulations was Mser1 = 13.5 
kN.m (i.e. 20 kN loading). The simulation of the loss of bond strength is achieved by 
removing the concrete cover. The simulation of steel cross-section reduction is achieved 
by sawing local notches on the reinforcing bars. First of all, the control beam was 
divided into several sectors of about 200 mm length (Fig. 3). This length corresponded to 
the stirrups and the bending cracks spacing as flexural cracks always occur in front of the 
stirrups. The simulation test was performed as followed: 
 The initial behaviour of the control beam was measured (noted as BT); 
 One side of concrete cover around the steel was removed in the central sector E 
(noted as BTE1); 
 The other side of concrete cover was removed in sector E, which resulted in a 
complete loss of bond in this zone (noted as BTE2); 
 A notch ES1 was performed on the front tensile reinforcement at the midpoint of 
sector E. The depth of a notch was about 3 mm, which corresponded to 20% 
cross-section reduction to simulate the localized corrosion (noted as BTES1, like 
Fig.4 (a)); 
 One notch ES2 was performed on the back tensile steel bar also in sector E but not in 
front of notch ES1 (Fig.4 (b)). The depth of the notch was about 3mm, which 
corresponded to 20% cross-section reduction (noted as BTES2);  
 The second notch ES3 on the back tensile steel was performed in sector E but still 
not in front of the notch ES1 (Fig.4 (b)). The depth of the notch was about 3.5 mm, 
which corresponded to a 25% cross-section reduction (noted as BTES3);  
 The third notch ES4 on the second tensile steel back tensile steel bar was performed 
at the mid-length of sector E then in front of the notch ES1. The depth of this notch 
was about 4mm, which corresponded to 30% cross-section reduction (noted as 
BTES4, Fig.4 (b));  
 
E D F 
Load 
 
Cracks spacing ≈ 200 mm 
Span = 2800 mm 
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 Both sides of concrete cover were removed in sector F (noted as BTEF2); 
 Both sides of concrete cover were removed in sector D (noted as BTED2); 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. The control beam BT in the cases of BTES1 and BTES4 
 
4. Experimental results 
 
4.1.Cracking maps 
 
The cracking maps of each surface of the beams B2CL1 and B2CL1 are presented in 
Fig.5 and Fig.6 after 14 years of exposure. Fig.7 and Fig.8 show the cracking maps of 
B2CL1 in this case after 19 and 23 years in a saline environment. The widths of flexural 
cracks due to the load in a 3-point flexion have not been specified on the maps. Only the 
longitudinal corrosion crack widths have been indicated. 
 
For B1CL1 at 14 years (Fig.5), only four corrosion cracks along reinforcement were 
randomly located in the compression zone. Their widths were inferior to 0.5 mm. On the 
contrary, the corrosion cracks in the tension zone were more concentrated in the middle 
part. They were especially at the mid-span of the back surface, the cracks’ widths had 
reached 1.4 mm. For B2CL1 (Fig.6), even if it was also more corroded in the tension 
area with corrosion maximum crack width reaching 2 mm, the widest crack was not in 
the maximum bending moment area as for the B1CL1. In the compression zone, all the 
cracks were inferior to 0.4 mm and located randomly like the B1CL1. It should be noted 
that the cracking distributions around the two tensile reinforcements of a same beam 
were clearly different even if they were investigated under the same condition.  
ES1 ES2 ES4 ES3 
(a) Front Surface (b) Back Surface 
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Fig. 5. The cracking maps of beam B1CL1 at 14 years period 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. The cracking maps of beam B2CL1 at 14 years period  
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Fig. 7. The cracking maps of beam B2CL1 at 19 years period  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. The cracking maps of beam B2CL1 at 23 years period (the hatching part means 
that its concrete has fallen off) 
 
3+0.8=3.8mm Front bar 
1.9mm Back bar 
Front surface 
Tension surface 
Back surface 
Compression surface 
 
3.2+1.0=4.2mm Front bar 
3.1mm Back bar 
Front surface 
Tension surface 
Back surface 
Compression surface 
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After 19 years of exposure of B2CL1 specimen, corrosion propagation was observed to 
be very important along both tensile and compressive steels (Fig.7). Corrosion cracks 
appeared on all the surfaces of the beam. More cracks were observed in the tensile zone 
than in the compressive zone. In the tension surface, the cracks of corrosion widened and 
interconnected and the maximum crack width was 3 mm at the mid-span. In the 
compression area, two cracks wide of 1 mm were located at the mi-span and on one side 
of the beam.  
 
For B2CL1 specimen under investigations at 23 years (Fig.8), the cracks in compression 
zone of B2CL1 were longer and wider with the maximum cracks reaching 2.8 mm and 
its locations were irregular as before. The tension zone was more corroded with 
corrosion cracks reaching more than 3 mm width at the mid-span of tension surface. 
Several independent cracks have been found on the front surface and back surface along 
the tensile rebars. 
 
4.2.Observation of corrosion pattern  
 
 
 
 
 
 
 
 
 
 
 
 
(a) Pitting attacks 
 
 
 
 
 
 
 
 
 
 
 
 
      (b) Central zone 
Fig. 9. Corrosion on the tensile steel bars of beam B1CL1 at 14 years period  
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Along the reinforcements of B1CL1 and B2CL1 taken out from the concrete respectively 
after 14 and 23 years of exposure, red and brownish-red coloured rust was observed in 
different amounts at different positions of the surfaces. On the same reinforcement, the 
corrosion activities were also different depending on the locations along the steel and the 
direction of bleeding. It was obvious that rebars of B2CL1 were more corroded than 
those of B1CL1. 
 
On tensile rebars of B1CL1, several visible pitting attacks were found along the bars 
(Fig.9 (a)), whereas only the middle zone was generally corroded. Around the mid-span, 
the localized corrosion was still relatively dominant despite the slight general corrosion 
observed at the vicinity of the corrosion cracks (Fig.9 (b)). On the contrary, the general 
corrosion became dominant on the tensile bars of B2CL1, however, several pitting 
attacks could be easily distinguished (Fig.10). The region of corrosion extended and 
almost distributed throughout the rebars, which was consistent with the cracking maps of 
B2CL1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. General corrosion on the tensile steel bars of beam B2CL1 in the central zone at 
23years period  
 
For compressive rebars, corrosion always occurred on the lower half surface of the steel 
according to the casting direction, where the void was formed due to the effect of 
bleeding, in correlation with the observation made by Soylev and François [17].  
 
4.3.Distribution of reinforcement cross-section loss 
 
Fig.11 illustrates the corrosion of both tensile rebars of corroded beam B1CL1. The 
maximum average cross-section reduction was about 19% (in percentage of total initial 
cross-section 226 mm2) at the mid-span, which corresponds to the maximum bending 
moment area. Within the central zone, general corrosion could be more or less observed 
along corrosion cracks, whereas several isolated localized corrosion pits were detected 
Back tensile steel bar 
Front tensile steel bar 
Non-corrosion steel bar 
 37
outside of the central zone. Around these pitting attacks inducing corrosion cracks 
inferior to 0.5 mm, no obvious general corrosion was found. Unlike the tensile rebars, 
the corrosion activities on compressive steel bars were distributed randomly 
corresponding to the corrosion crack locations on the surface (as shown in Fig.12). The 
corrosion cracks widening by 0.5 mm at one end of the beam corresponding to the 
maximum loss of section (18 mm2) of back reinforcement. Another crack of 0.2 mm was 
located on the front surface in the middle part, where the corrosion of the front rebar is 
about 15 mm2. On other parts no corrosion cracks were observed, but many small pitting 
were detected on the steel. 
 
The corrosion distributions of reinforcement of B2CL1 are shown in Fig.13-14. 
Compared with B1CL1, the corrosion of tensile rebars is distributed more extensively 
(Fig.13) and general corrosion was observed clearly. On the front tensile rebar, the 
maximum local loss of cross-section is about 46 mm2 located at 20 cm left, away from 
the mid-span, and the maximum general corrosion is 40 mm2, which corresponds to the 
longitudinal crack with widths of 4.2 mm. Nevertheless, on the compressive bars of 
B2CL1 (Fig.14), the corrosion distribution is similar to B1CL1 despite the loss of 
cross-section and the width of corrosion crack rising up. On the non-cracked region, 
several pitting and a little general corrosion were detected. 
 
It is interesting to observe that the tensile steels in the vicinity of the stirrups are less 
corroded than the adjacent parts on the same rebar (Fig.13), i.e., the stirrups can protect 
the rebars from corrosion during propagation of corrosion. Furthermore, the stirrup 
locations always correspond to the appearance of flexural cracks, then corrosion pitting 
at tip of crack on tensile steel bars appears to be a lot less important than corrosion in 
other parts. This long-term result shows clearly that flexural cracks do not influence 
significantly the life time. But, short-time results (5 years) have shown that corrosion 
only onset at the tip of flexural cracks. This can lead to an opposite conclusion, i.e., the 
major influence of flexural cracks on corrosion process, which is not consistent with a 
long-term experimental result [13]. 
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Fig. 11. Distribution of corrosion along the tensile reinforcements of beam B1CL1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12. Distribution of corrosion along the compressive reinforcements of beam B1CL1 
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Fig. 13. Distribution of corrosion along the tensile reinforcements of beam B2CL1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
` 
 
Fig. 14. Distribution of corrosion along the compressive reinforcements of beam B2CL1 
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4.4.Mechanical experiments - corrosion simulations 
 
Fig.15 presents the evolution of the mid-span deflection measured for 9 steps of the 
corrosion simulations performed on BT control beam under 20 kN loading. The 
deflections have been measured for B1CL after 14 years of exposure, for B2CL1 after 14, 
19 and 23 years respectively. The results have been also presented in the same figure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 15. Simulation results 
 
The simulation shows that the steel-concrete bond strength had a significant effect on the 
stiffness of the beam. The loss of one side bond of tensile reinforcement (BTE1) in the 
central zone E (Fig.3) resulted in a 15% increase of the deflection, and the loss of bonds 
on both sides (BTE2) resulted in a 31% total increase. However, the local steel 
cross-section reduction had no significant influence on the global stiffness of the beam. 
With four notches on the two tensile reinforcing bars in zone E and the average 
cross-section reduction at the mid-span reaching up to 25% exactly, the deflection rose 
from 1.99 mm to 2.09 mm (about 5%), which was not significant according to the 
scatters of the measure (around 0.05 mm). Finally, the total bond loss in zone E (BTE2), 
F (BTEF2) and D (BTED2) induced a deflection increase of respectively 0.47 mm, 0.38 
mm and 0.34 mm. It was obvious that a bond loss in the central zone had more influence 
on the global behaviour because it was the area of the maximum bending moment, which 
was consistent with the theoretical analysis. Therefore, the propagation of the bond loss 
along the span contributed significantly to the global reduction of the bending stiffness.  
 
For corroded beams after a period of 14 years, under a loading of 20 kN, the maximum 
deflection measured on the B1CL1 specimen had increased more than 50% compared to 
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the 1.6 mm of the BT control beam. Whereas the deflection of B2CL1 was with a slight 
increase in comparison to BT deflection, even if the maximum cracking width in the 
tension zone reached 2 mm.  
 
After 19 years of exposure, the B2CL1 deflection has increased significantly to 2.3 mm 
and became superior to B1CL1 deflection measured at 14 years old period. It is noted 
that, 4 years later, the deflection measured on B2CL1 at 23 years was almost equivalent 
to the one measured after 19 years, even if the steel reinforcing bars corrosion was much 
more serious. According to the corrosion crack maps of B2CL1 (Fig.7 and 8), the width 
of corrosion cracks in the tension area propagated from 3.8 mm (0.8+3) around the front 
bar and 1.9 mm around the back one after 19 years to 4.2 mm (1+3.2) around the front 
one and 3.1 mm around the back one after 23 years. But the serviceability (deflection 
under service loading) of the reinforced concrete beams was not affected much. 
 
5. Discussion 
 
5.1.Electrochemical principle of chloride-induced corrosion process 
 
Chloride-induced corrosion of steel in concrete is an electrochemical process. The 
different areas of the reinforcement act as anode and cathode. The voltage of the 
corrosion cell is set up through differences in potential on the steel surface. It may be 
caused by overlapping local differences in the composition of the concrete, differing 
aeration conditions, non-homogeneities in the steel surface or uneven coating of the steel 
surface with corrosion products [20]. The corrosion process takes place as shown in 
Fig.16 (a). Therefore, if the anodes and cathodes are more or less uniformly distributed 
along the reinforcement surface during the corrosion process, the attack will be more or 
less uniform as shown in Fig.16 (b). On the other hand, if the anodes are distributed at 
several points and its area is much less than that of the cathode, it will induce the 
localized attack (pitting) as indicated in Fig.16 (c). 
 
Even though the corrosion cells have been used to analyze reinforced concrete corrosion 
by many researchers, no general consensus has been reached as to the definition of 
microcells and macrocells [18]. In this paper, microcells corrosion and macrocells are the 
terms given according to the different spatial locations of anode and cathode [19,20]. 
Corrosion cells can occur as microcells, leading to uniform iron removal and macrocells 
causing local iron removal or pitting corrosion: 
 
 As regard, microcells, where the anode and the cathode reactions are immediately 
adjacent as illustrated in Fig.16 (b), is generally caused by carbonation of the 
concrete or by very high chloride content at the reinforcement.  
 However, macrocells, where the anode is next to the cathode or sometimes far away 
from the cathodes up to a few meters distance as illustrated in Fig.16 (c), occur 
mainly in the case of chloride induced corrosion (pitting) [20].  
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Anodic reaction: Fe —> Fe2+ + 2e- 
Catholic reaction: O2 + 2H2O + 4e-—> 4 (OH)-1 
                          Fe2+ + 2OH- —> Fe(OH)2 
           Fe(OH)2 + X*O2 +Y*H2O —> rust 
(a) Corrosion process 
 
 
 
 
 
 
 
 
 
 
(b) Microcells                          (c) Macrocells 
 
Fig. 16. Schematic representation of the corrosion principle of steel in concrete [20] 
 
On reinforced structures, anodes and cathodes of macrocells can occur at coplanar, 
parallel or side-to-side situations [18-20]. In practice, a typical coplanar situation is a 
localized corrosion attack in an otherwise passive rebar, a typical parallel situation is 
formed between two reinforcement levels in a bridge deck, in which one is contaminated 
by chloride and another is in passive state, and a typical example for side-to-side 
situation is the corroding lower part with the upper part of the reinforcement of a 
supporting wall.  
 
Macrocells 
Microcells Steel 
Concrete 
Rust 
PH>12 
Microcells 
Rust PH<8 
Concrete 
Steel 
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It should be emphasized that the actual corrosion process and distribution of corrosion 
cell are very complex. On the one hand, both the anodic and cathodic reactions occur on 
the same metal surface irrespective of an active or a passive state steel. When the two 
metals surface are coupled, the anodic corrosion of the more active metal surface 
increases while that of the less active or passive metal surface decreases, and vice versa 
for the cathodic reactions. On the other hand, the macrocells and microcells can occur 
simultaneously as shown in Fig.16 (c). The active metal can be coupled with passive 
metal as macrocells, while microcells occur. 
 
5.2.Corrosion pattern evolution 
 
In general, the process of corrosion is divided into two phases: corrosion initiation, in 
which chloride ion ingresses into concrete and accumulates to the threshold 
concentration near the steel bars, as well as corrosion propagation, in which the steel 
rebar is depassivated and corrosion starts. In this paper, the corrosion cracking is also 
regarded as an important division because it changes the ingression manner of the 
aggressive agent and the interface quality around the tip of the corrosion cracks, which 
will influence the corrosion pattern evolution.  
 
Corrosion initiation 
 
In this phase, the steel reinforcing bars are always passivated under high alkaline 
condition of concrete. For an intact RC beam, the chloride ion penetrates into the 
concrete by a diffusion effect or a coupled effect of convection and diffusion in a 
non-saturated media. For the concrete elements studied in this paper, flexural transversal 
cracks, which resulted from the three-points-flexure, have appeared in the tension central 
part of the beam where stresses exceeded concrete tensile limit at the beginning of our 
experiment. These cracks present a preferential way for chloride penetration, which has 
induced the formation of macrocells with the steel exposed as the anode and the steel 
between the cracks as the cathode. This phenomenon, which has been clearly 
demonstrated by cell current and voltage measurement, often leads to extremely high 
corrosion rate in the crack zone [20].  
 
However, the corrosion distributions of reinforcements of B1CL1 and B2CL1 (Fig.11-14) 
show that the positions of localized corrosion had not any relation with the flexural 
cracks, even if the flexural cracks have induced the local corrosion in the early initiation 
period. This has been because, after a long-term exposure to an aggressive environment, 
flexural cracks might heal by the rust entering and filling the gaps of cracks or the 
continued hydration of cement [21] and the difference in chloride concentration has 
decreased between cracked and uncracked region, which has reduced significantly the 
corrosion activity due to flexural cracks of the previous period [23]. The works of some 
authors [11,13,22] have also shown that the flexural cracks have not any significant 
influence on the corrosion activities. 
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Corrosion cracking initiation 
 
It is expected that healing of flexural crack leads to the creation of new anodic areas at 
the uncracked regions as the chloride concentration reaches a given threshold. Because 
of the imperfect passive film and interface defects along the rebars, chloride induced 
corrosion tends to be localised and the localised breakdown of the passive film follows 
the model of pitting corrosion. As shown in Fig.16, to trigger a sustained corrosion 
process, localised passive film breakdown must be accompanied by a local fall in PH due 
to the hydrolysis of dissolving irons at this site. The active steels are coupled to passive 
steels to form a corrosion macrocells. Observations have been reported that corrosion 
initiates at voids and other defects containing electrolyte at the steel-concrete interface in 
the cement paste in contact with steel bars in concrete [24].  
 
Regardless of tensile rebars and compressive rebars of beam B1CL1 (Fig.11 and Fig.12), 
the pitting attacks due to the macrocells were prominent and distributed randomly on the 
steels bars except in the central zone of the tensile reinforcement which corresponds to 
the maximum wide corrosion crack area. However, during this period, beside the pitting 
attacks, a slight general corrosion could be visually observed on the lower half surfaces 
of compressive rebars. This general corrosion can be attributed to the presence of voids 
due to concrete bleeding and always located under the bars according to the concrete 
casting direction. This could explain why the microcells have occurred when the chloride 
concentration had reached a high level near the reinforcements. T. U.Mohammed [25] 
has verified the microcells corrosion at the lower face and the macrocells with the lower 
half as anode and the upper half as cathode. 
 
As to some locations of compressive rebars within uncracked region, where the localized 
corrosions level were higher than the corrosion in cracks region, this could be attributed 
to the uneven distribution of the void under the steel due to bleeding effect, which 
provided the additional space for the rust leading the concrete cracking. 
 
Corrosion cracking propagation 
 
At the beginning of a corrosion cracking, only the steel-concrete interfaces around the tip 
of the corrosion cracks were damaged, where general corrosion due to microcells has 
progressed very slowly as the widths of corrosion cracks were low. The pitting attacks 
due to macrocells remained still prominent like most region of the corroded beam 
B1CL1 except the central zone of tensile reinforcements (see Fig.11 and Fig.12). The 
general corrosion could have been be neglected, so the crack width was directly linked to 
the maximum localized corrosion within the region of the crack.  
 
With the corrosion development, the longitudinal cracks interconnected and grew wider, 
which resulted in further steel-concrete interfaces being degraded and exposed to 
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chloride, humidity and oxygen. Hence, the microcells resulting in general corrosion 
developed rapidly and became gradually predominant because more aggressive agents 
have reached the steel by flow effect through the great cracks, even if some deeper 
pitting attacks compared to nearby general corrosion still existed. The tensile rebars of 
B2CL1 at 23 years old period (Fig.13) correspond to this phase with general corrosion 
distributing almost along all the steel. 
 
5.3.Influence of interface quality on corrosion pattern 
 
According to the mechanisms of the chloride-induced corrosion, the corrosion 
distribution and evolution along all reinforcements is quite different and heterogeneous 
in spite of the very controlled environmental conditions. The pattern of the corrosion 
depends on the spatial distribution of anodes and cathodes on the surface of the steel and 
is influenced by the interface quality. 
 
“Top bar” effect 
 
For the rebars located in the upper part of concrete members, void always appears under 
the steel in regard to the concrete casting direction, which leads to the bad steel-concrete 
interface quality [17]. These defects resulted in the formation of corrosion cell due to the 
different potential with the upper half as cathode and lower half as anode. While the 
chloride concentration has exceeded the threshold, local breakdown of the passivity 
would occur preferentially at the void defects in the steel-concrete interface, macrocells 
corrosion initiated with high rate because of the large ratio of cathode surface and anode 
surface. In addition, if the chloride content is very high, microcells corrosion would 
occurr at the lower interface of steel at the same time. Fig.17 shows the top half and 
lower half of the compressive rebar within uncracked concrete of beam B2CL1. General 
corrosion was clearly observed on the lower half of the compressive rebar, which 
corresponded to the “top bar” effect for beam B.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 17. The influence of “Top bar” effect 
 
Upper half of compressive bar 
Lower half of compressive bar 
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Mechanical damage 
 
As indicated from Fig.11 to Fig.14, the distributions of corrosion activities on the 
compressive and tensile reinforcements were not the same. Almost all the pitting attacks 
of the compressive steels were distributed irregularly along the rebar on the lower half 
surface, whereas most of the pitting attacks of tensile steels were observed to be 
concentrated within the central zone with a significant bending moment. Research 
carried out by François and Arliguie [12,13] have attributed this difference to 
micro-cracks within tension zones of reinforced concrete beam induced by loading, 
which led to an increase of chloride and oxygen penetrating within the concrete and an 
increase of damage at the steel-concrete interface. The higher tension stress has resulted 
in chloride concentration levels locally rising up and, hence, the interface degradation to 
form corrosion cells at a faster rate. The more serious corrosion observed on the central 
zone of the tensile steel bars of B1CL1 (Fig.11) and B2CL1 (Fig.13) has suggested that 
the tensile stress has had a significant influence on the distribution of corrosion.  
 
Corrosion cracking damage 
 
At an early corrosion cracking stage, although the longitudinal cracks due to localized 
corrosion were less significant and restrained by the sound concrete at its extremities, 
chloride, humidity and oxygen have accessed more easily to the steel because of the 
capillary effect. In addition, cracking has induced the damage of steel-concrete interface 
around the tip of cracks where corrosions have preferentially occurred. As can be seen in 
Fig.18, the corrosion products were found at steel-concrete interface along the corrosion 
cracks in the vicinity of the tip of cracks. The tensile rebars (Fig.9) of B1CL1 at 14 years 
old period have also clearly indicated that there was always a slight general corrosion 
around the pitting attacks. Pitting attacks were responsible for the initiation of the 
concrete corrosion cracking.  
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Fig. 18. Corrosion at the steel-concrete interface of tensile reinforcements (B2CL1) 
 
As the corrosion crack widened, the damaged steel-concrete interfaces progressed until 
all around the steel was affected. General corrosion therefore developed rapidly because 
more aggressive agents have reached the steel. So, in terms of corrosion pattern, the 
corrosion cracking could be considered as the beginning of general corrosion. 
 
In conclusion, while the corrosion crack width is very small, the general corrosion is so 
slight that we can neglect its influence on the behavior of concrete element. Therefore, 
only when the width of a crack reaches a considerable value, the predominant corrosion 
pattern will change from localized corrosion to general corrosion. This critical crack 
width, which leads to the change of corrosion pattern, is not yet clearly quantified. But, 
however, according to our experimental results, it ranges between 0.5 mm to 1.5 mm. 
More works are presently being carried out in the L.M.D.C. to clarify this point. 
 
5.4.Influence of corrosion on serviceability 
 
Fig.15 indicates a comparative study involving control beam. The corrosion significantly 
influenced the in-service mechanical behaviour of a corroded beam. The mid-span 
deflection of corroded beam B1CL1 at a 14 years period has increased from 1.6 mm for 
control beam to 2.4 mm, while the deflection of B2CL1 has reached to 2.75 mm at 23 
years. These deteriorations can be attributed to the reduction of steel cross-section and 
the steel-concrete bond degradation, but these two parameters do not have the same 
effect. 
 
In fact, the simulation results on the control beam has illustrated that the local tension 
steel-concrete bond loss was the main factor that affected the global stiffness of 
reinforced concrete beam. The tension concrete located between two flexural cracks 
shared in a part of tensile stress transferred by the steel-concrete bond. The bond loss in 
the central zone with a higher bending moment had more influence on the mechanical 
behaviour. However, even if we have made several notches in the maximum moment 
zone, the local cross-section reduction in tensile reinforcements had no significant 
influence on the serviceability because the resulting increase in steel strain was too local 
to affect the mid-span deflection. This means that the localized corrosion due to chloride 
aggression on tensile rebar do not directly influence the serviceability of reinforcement 
concrete element; instead it leads to bond deterioration between steel and concrete, 
which thereby affected the global behaviour of the element. It should be noted that the 
general corrosion of the tensile steel would influence the capacity and stiffness of the 
beam because of the reduction of the cross-section. According to research carried out by 
Castel et al [9,10], the pitting corrosion of tensile reinforcements can result in a loss of 
ductility, and a loss of bond will influence the stiffness instead of the capacity. 
 
Consequently, after 14 years of exposure, the deflection of B1CL1 increased more than 
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50% because of the degradation of steel-concrete bond due to the maximum cracking 
width reaching 1.4 mm+0.2 mm in the central zone with higher bending moment (Fig.5), 
whereas B2CL1 did not have significant change on the global stiffness because the 
widest crack was located out of the maximum bending moment zone (Fig.6). After 19 
years of exposure, the corrosion cracks around the tensile steel were much longer and 
had widened on B2CL1, especially in the central zone, where the maximum crack had 
reached 3.8 mm for the front tensile rebar and 1.9 mm for the back one. The severe 
degradation of tensile rebar bond along the beam led to an important increase of 
deflection. Between 19 years and 23 years period, the beam B2CL1 has already lost the 
bond along most of the tensile steel, further development of pitting attacks had not 
obviously influenced the serviceability besides increasing the cracks width. These 
corrosion cracks led to the development of general corrosion. Indeed, in this period, 
general corrosion has already become the predominant corrosion pattern and the 
reduction of steel cross-section due to general corrosion has become the main factor that 
affected the global behaviour. Therefore, the deflection at the mid-span has not 
significantly increased because, even if general corrosion has begun, the general 
cross-section loss of the steel is still weak at this moment [13].  
 
In conclusion, before cracking initiation, the mechanical behaviour of the reinforced 
concrete beam could improve slightly as a result of the slight increase of bond strength [7, 
8]. After the cracking due to chloride-induced localised pitting corrosion, the 
serviceability of the reinforced concrete beam is significantly degraded by the loss of 
steel-concrete bond in the tensile zone, especially in the central tensile zone with higher 
bending moment. Cracking has also resulted in a damage of the steel-concrete interface 
around the tip of cracks, where general corrosion has appeared. But in the early cracking 
propagation stage, general corrosion was so weak that it could hardly influence the 
stiffness of the element. In a rapid cracking propagation stage, most of the bond was lost 
and the general reduction of steel cross-section became the main factor that has 
influenced the serviceability. However, the serviceability of the element is affected a lot 
more slowly than before. 
 
Previous studies have showed that compressive concrete cracking due to corrosion does 
not affect the serviceability of concrete beams [9]. 
 
6. Conclusions 
 
The research in this paper is based on the corroded reinforcement concrete beams that 
have been conserved under loading in a chloride environment for a very long time. 
Although the corrosion process herein is obtained under an accelerated version of the 
real process, the corrosion distributions of reinforcements and the compositions of oxide 
produced were much closer to that observed in natural conditions than an accelerated 
corrosion process using an electrical method. So it can rather represent the real states of 
the RC element on-site. From the work of this paper, the conclusions can be established: 
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 Corrosion of tensile steel bars: 
- In the early initiation period, the localised corrosion due to macrocell corrosion 
firstly appears around the flexural traversal cracks because they present a 
preferential manner of chloride penetration. After a long-term exposure, this 
corrosion activity slows down and stops because of the effect of flexural crack 
healing. 
- By a diffusion effect or coupled effect of convection and diffusion in concrete 
between flexural cracks, the localized pitting corrosion due to macrocell is the 
main corrosion pattern and leads to corrosion crack initiation. The preferential 
corrosion area is always consistent at the zone with a maximum moment, which 
induces mechanical steel-concrete interface damages. 
- New corrosion cracks change the ingressive manner of chloride ion and oxygen 
and leads to local interface damage at the tip of a crack. At an early crack 
propagation stage, for a small corrosion crack width inferior to the critical value 
(0.5 mm – 1.5 mm), the local pitting corrosion due to macrocell is still 
predominant and general corrosion initiates along corrosion crack. 
- Finally, for a corrosion crack width superior to 0.5 mm – 1.5 mm, general 
corrosion becomes predominant at rapid crack propagation stage. 
 
 Effect of tensile steel corrosion on beams serviceability: 
- Serviceability is affected by steel-concrete bond loss and not by localised steel 
cross-section reduction due to pitting corrosion attacks. Then stiffness reduces a lot 
during corrosion cracking initiation and during the early period of cracks 
propagation (crack width up to about 1 mm) as the steel-concrete bond is lost 
rapidly during these stages.  
- Serviceability is not significantly affected anymore when general corrosion 
becomes predominant as bond is already lost and general corrosion only leads to a 
low cross-section loss during a high crack propagation stage. 
 
 Corrosion of steel bars located in compressive zone: 
- Anodic steel is located along the bottom half part of the bars where voids due to 
concrete bleeding lead to bad steel-concrete interface quality. The cathodic area 
corresponds to the upper half part of the bars where the steel-concrete interface is 
very good. It is then a macrocell corrosion pattern, which leads to a more or less 
uniform corrosion located only along the bottom parts of the steel bars. 
- At the bottom parts of bars, some localized pitting attacks are also observed and 
lead to corrosion cracks initiation. 
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I-B – Analyse physico-chimique de la poutre corrodée B2CL1 
Cette partie s’intéresse à l’étude physico-chimique de la corrosion obtenue pour la 
poutre B2CL1 après 23 années de conservation. En particulier, on étudie le taux de 
chlorures dans la poutre, la morphologie des zones corrodées en fonction de la 
localisation des armatures, l’influence de l’interface acier-béton et les faciès de 
fissuration.  
Une partie des études, en particulier le microRaman, a été réalisée au CEA à 
Saclay sous la direction de Valérie L’Hostis. 
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I-B – Physico-chemical analysis of the corroded beam B2CL1 
 
The main constituents of rust are iron oxides, iron oxyhydroxides. These compounds 
are formed by oxidation of Fe2+ ions dissolved in the water layer condensed on the 
surface of the steel or by oxidation of Fe2+ compounds (e.g. Fe(OH)2 or Green Rust) 
precipitated from Fe2+ ions. However, the results obtained for each particular condition 
are variable. The work on the steel-concrete interface after a long-term exposure in 
natural environment revealed that the compositions and thickness of the corrosion 
product layer varied with the corrosion degree and the zone of high-corrosion was 
always located closer to corrosion cracks [1]. The research of Buffó et al [2] dealing with 
the corrosion products on embedded steel rebars in concrete during 65 years proposed 
that rust was composed of two layers: an inner one, composed mainly of 
non-stoichiometric magnetite and probably Ca and Al substituted magnetite firmly 
adhered to the substrate, and an outer one, composed of α- and γ-iron oxyhydroxides, 
final steel corrosion products. Similarly, Dillmann et al have observed indoor 
atmospheric corrosion on archaeological analogues: apparently two layers are present, 
the outer made of lepidocrocite and the inner of goethite and magnetite [3]. Nevertheless, 
based on the local corrosion characterisation investigations, a different pattern of the 
steel-concrete interface has been observed. Studies of corrosion in clayey soils have 
revealed multi-layer corrosion products mainly composed of goethite with magnetite or 
maghemite marblings [4-5]. Other works [6-7] have proposed a transverse cross-section 
model of corroded iron rebar in a hydraulic binder with four zones: Metal (M), Dense 
Product Layer (DPL), Transformed Medium (TM) as well as Binder (B). The DPL layer 
was mainly formed of iron oxyhydroxides in contact with the metal and 
magnetite/maghemite strips inside the goethite. The TM layer was composed of iron 
oxyhydroxides and of characteristic minerals of the concrete. Here, a detailed 
physico-chemical analyse was performed on beam B2Cl1 to investigate the chemical 
compositions and the spatial distribution of the corrosion products. 
 
1. Experimental program 
1.1. Chloride content  
 
The chloride content of beam B2CL1 was determined by sampling the fine powder 
samples (< 80 µm) of concrete at different points at least 5 cm far away from the cracks 
(Fig. 1). The sampling was carried out by using a Profile Grinder INSTs [8] over a disk 
of diameter 35 mm (about 3 times the size of the largest aggregate). Each representative 
sample was about 3 g on few millimetres depth, in which the content of chloride could be 
considered as the local chloride concentration.  
 
The total chloride concentration (reported as a percentage per mass of cement) was 
measured through a potentiometric titration by adding silver nitrate (AgNO3). The 
chloride ions were extracted from sample powder with nitric acid as recommended by 
 54
[9]: 
 The powder sample of about 3 g was placed into a solution of 30 ml of distilled water 
and 1 ml of concentrated nitric acid HNO3; 
 The solution was shaken over 10 minutes; 
 The distilled water was added in solution up to 50 ml, and it was heated up at 80 °C 
over 30 minutes. Then it was considered that all the chloride ions in the concrete 
were extracted in the solution. 
 The solution was filtrated and filled up till 250 ml in a volumetric flask. 
 
Based on the solution obtained, chloride concentration was measured by using a 
titrator Metrohm 736. During the titration, about 2 ml of orthophosphoric acid (H3PO4) 
was also added to the solution to reduce the potential of a complex formation with Fe3+ 
ions. Indeed, the Fe ions, which came from the iron pipe of grinder, could lead to 
under-estimation of chloride concentration because of the rise of potential.   
 
Because of the considerable cracking on the surfaces of beam B2CL1, only two 
groups of samples were taken at point A on the front face and at point B on the 
compressive face (Fig. 1). The powder samples were obtained, respectively, at the depth 
of 5, 10, 15, 25, 35, 40, 50 mm from the surface of the beam. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Locations of sampling on the beam B2Cl1. 
 
1.2. XRD diagram  
 
To clarify the rust compositions, the corrosion products taken from the tensile 
reinforcement at high corrosion zone were analysed via the X-ray diffraction (XRD) 
 
DRX sample SEM-CC 
SEM-CS and SEM-SS LMDC-C1 
LMDC-C2 
Cross-section 
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using CuKα-radiation, at angles varying from 2θ = 4º to 70º. The rust sample was taken 
from a 4 cm length steel bar using a scalpel, and then was crushed into powder (< 80 µm). 
This homogeneous corrosion part of steel bar was located in the central tensile zone of 
the beam corresponding to the corrosion crack width of 3.2 mm (Fig. 1). 
 
1.3. SEM observation  
 
Scanning electron microscope (SEM) investigations were carried out at the 
steel-concrete interface of compressive rebar in the central part (Fig. 1). The split-open 
concrete surface surrounding the steel bar (sample SEM-CS in Fig. 2) and the surface of 
the compressive rebar (sample SEM-SS in Fig. 2) were observed under a much higher 
magnifications up to 5000× to study the morphological characterization of corrosion. In 
some cases, the SEM images were combined with EDXA to analyse the local chemical 
compositions and spatial distribution of specific elements. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Photo of samples SEM-CS (concrete surface at the interface) and SEM-SS 
(compressive rebar surface) 
 
Although the corrosion cracking is engendered by the expanding corrosion products 
due to reinforcement corrosion, not all the corrosion products participate in concrete 
cracking. Some of them fill in the voids and pores around the steel bars and some of 
them migrate from the steel-concrete interface to the pores in concrete [10]. Scanning 
electron microscopy imaging and elemental mapping were employed on the 
cross-section of the concrete piece (sample SEM-CC), which dropped from the tensile 
zone of beam in the central part (Fig. 1), to assess spatial distribution of corrosion 
products in the steel-concrete interfacial transformed zone.  
 
1.4. Raman microspectroscopy 
 
A concrete slice containing compressive rebars pieces has been sawed from beam 
B2CL1 (sample LMDC-C1 and sample LMDC-C2 in Fig. 1). After mounted in epoxy 
resin, two small samples were cut to obtain a cross-sections of steel-concrete interface 
Sample SEM-SS 
Sample SEM-CS 
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(Fig. 3). Then, they were grinded with SiC papers and then polished with a 3 µm 
diamond paste under ethanol. It is obvious that the steel bar in sample LMDC-C1 with 
macro-cracks is more corroded than that in sample LMDC-C2. For the sample 
LMDC-C1, except for a homogeneous corrosion layer around the steel bar, a pitting 
attack is observed at the top part of rebar. Whereas, for the sample LMDC-C2, corrosion 
is found only at the bottom part of steel bar, which corresponds the damaged surface due 
to “top-bar” effect.  
 
 
 
 
 
 
 
 
 
 
 
 
     (a) Sample LMDC-C1                  (b) Sample LMDC-C2 
Fig. 3. Samples of the cross-sections around the compressive rebars of beam B2CL1  
 
Raman microspectroscopy was performed in CEA Saclay on the samples LMDC-C1 
and LMDC-C2 to identify the local compound of corrosion products, thanks to 
comparison with reference powders [11-12]. Two set-ups have been used: a Labram 
Infinity with a Laser at green 532 nm and a Labram HR with an excitation at 514 nm 
(both Jobin Yvon Horiba). On both apparatus the laser power is filtered under 80 µW in 
order to avoid thermal effect for sensitive iron oxide and oxy-hydroxides. The diameter 
of analyzed area under the 50× objective is equal to about 3 µm. 
 
2. Experimental results and discussions 
2.1. Chloride profiles  
 
Results show that both chloride profiles have the same tendency (Fig. 4), i.e. chloride 
concentration decreases slightly versus depth in concrete. The maximum total chloride 
content is about 2.2% by weight of cement in profile B measured at about 10 mm depth 
from the compression surface. This value corresponds to the maximum capability of 
concrete about 2~2.4% by weight of cement. The maximum total chloride content in 
concrete can be calculated as the summation of free chloride, which is calculated by 
using porosity of concrete and the chloride concentration of saline fog, and the bonded 
chloride, which depends on the binding ability between concrete and chloride ions [13]. 
At the depth of reinforcements, the chloride content has already exceeded the RILEM 
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and ACI chloride threshold values, respectively 0.5% and 0.3% (by the weight of 
cement), generally used to forecast corrosion propagation in reinforced concrete [14-15]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Chloride profiles at both surfaces of corroded beam B2CL1 
 
The chloride profile B measured from the compression surface is significantly higher 
than the profile A measured from the front surface. One reason is attributed to the 
influence of spraying direction. Because the compressive surface is the upper one during 
the conservation, i.e. it is always more humid and receives more chloride ion than the 
lateral surface.  
 
2.2. Composition analyze of corrosion products (XRD) 
 
Fig. 5 shows the XRD pattern of corrosion products on the surface of tensile steel bar 
in the central zone of beam B2CL1. The spectra clearly demonstrates the presence of 
iron oxides and iron oxyhydroxides that are principally composed of Magnetite, 
Hematite or Maghemite, Goethite, with a little amount of Lepidocrocite, and Akaganeite.  
 
XRD pattern presents a dominant peak of Magnetite (Fe3O4) at 2θ of 41.5° along with 
peak of Geothite (α-FeOOH) at 2θ of 43°. The second strong peak is Quartz (SiO2, 
deriving from the sand grains in mortar) at about 2θ of 31°. Calcite (CaCO3) is 
represented by a relatively small peak at 2θ of 34°, which is attributed to carbonation of 
hydrates on steel surface. It indicates that a small amount of atmospheric CO2 could 
penetrate and reached the steel surface via corrosion cracks because the depth of 
carbonation far from cracks was too small to reach the reinforcement. For the reinforced 
concrete elements subjected to chloride ingress, the presence of Akaganeite 
(Fe3+(O,OH,Cl)) is confirmed by sharp peaks at 2θ = 14° and 31°. A little amount of 
Lepidocrocite (γ-FeOOH) can be observed at 2θ = 16.5°. However, Iron oxide (Hematite 
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(Fe2O3) or Maghemite (γ-Fe2O3)) cannot be clearly distinguished by this XRD pattern 
because their diffraction patterns are very close to that of Magnetite (Fe3O4). The 
existence of these ferrous compounds will be demonstrated by the SEM investigation of 
the interface of steel bar and concrete in following section.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. XRD spectrum of corrosion products of beam B2CL1 at 23 years 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. XRD spectrum of corrosion products of beam B1CL1 at 14 years [23] 
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Compared with the XRD spectrum of beam B1CL1 at 14 years (Fig. 6) [23], it can be 
seen that, for the different periods of exposure, the compositions of corrosion products 
were almost the same, except a little of Lepidocrocite in rust of B2CL1 at 23 years. 
However, the sample of B1CL1 contained a great amount of concrete constituent (Si, Ca) 
(Fig. 6), whereas the sample of B2CL1 contained a great amount of Magnetite instead of 
concrete constituent (Si, Ca) (Fig. 5). This illustrate that the sample of B1CL1 was 
mainly taken from the corrosion layer near to concrete, whereas the sample of B2CL1 
was mostly from the corrosion layer bonded to the steel bar. This justifies the conclusion 
of other researchers that Magnetite is always located near to the steel rebar [2]. 
 
2.3. Cross-section observation at steel-concrete interface  
 
Fig. 7 presents the cross-section of the tensile steel-concrete interfaces of beam 
B2CL1 (Fig. 1). In Fig. 7(a), even if a region of rust has generally formed at 
steel-concrete interface, only micro cracking appeared in the surrounding concrete of the 
reinforcement while the resulting stress due to corrosion products has reached concrete 
tensile strength. The cross-section at a pitting corrosion location (Fig. 7(b)) exhibited 
both microcracks and macrocracks in the surrounding concrete. The macrocrack 
resulting from corrosion was observed in the vicinity of the pitting attack. It should be 
noted that not all micro cracks would grow to a macroscopical crack. The corrosion 
cracks tend to develop to the nearest surface.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                (a)                                (b)  
Fig. 7. Cross-section of tensile steel-concrete interface (steel diameter 12 mm) 
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Some researches have reported that there are two layers of corrosion products at 
steel-concrete interface: an inner compact one and an outer porous one [2]. Although the 
visible colour of outer rust in our research was a little different from that of inner rust in 
Fig. 7, no clear dividing line could be found between two layers. Also, we cannot make 
sure that the compositions of rust near to concrete and those near to steel are different 
depending on the colour. Thus, the morphologies of corrosion products were analysed in 
the fowling section. 
 
In general, a porous concrete zone exists at concrete-steel interface, which must be 
filled up firstly by corrosion products before they induce internal pressure on 
surrounding concrete. Many researches have confirmed the presence of void and a 
spongy porous layer of cement paste at the steel-to-concrete interface and under coarse 
aggregate particles [16-17]. The thickness of porous zone is proposed in the range of 
10~20 µm when it is taken into account in cracking modelling of concrete [18-19]. In the 
study of Chitty et al [7], the corrosion scale was divided into two distinct zones: the 
dense product layer (DPL) and Transformed medium (TM), in which the TM layer is 
composed of corrosion rust and concrete.  
 
Scanning electron microscopy imaging and elemental analysis were performed on the 
sample SEM-CC (Fig. 1), a polished cross-section of concrete fragment in the vicinity of 
steel-concrete interface. In order to avoid the local variation due to presence of 
granulates or other local heterogeneities in the corrosion system, several scanning lines 
perpendicular to the rust layer/concrete interface were chosen. Elemental analyses at 
three locations (Fig. 8) clearly show the dividing line between two different zones along 
the scanning line from corrosion products to concrete. It is obvious that elements Fe and 
O are derived from corrosion products, elements Si and O are derived from granule or 
sand and element Ca is derived from cement paste. Therefore, in Fig. 8(a), the fist part 
along scanning line (about 55% of the length), mostly composed of Fe (about 75 mass %) 
and O elements (about 25 mass %), is a layer of rust. The second small zone (about 50 
µm), in which element Fe decreases whereas element Ca increases, is considered as the 
transformed zone. At last, the part composed of O (about 50 mass %), Ca (about 40 mass 
%) and small amount of other elements such Si (about 5 mass %), Al etc, is a layer of 
cement paste. Fig. 8(b) also presents three parts along scanning line. Except rust product 
layer and cement paste layer, the middle part composed of elements O and Si is 
considered as sand or granule. In this zone, neither Fe nor Ca can be found, i.e. no 
corrosion products penetrate in aggregates. So, the thickness of transformed zone is very 
small and can be neglected. In Fig. 8(c), element analysis shows that, after a rust layer 
located at the beginning of scanning line, there is a layer (about 50 µm) of cement paste 
with a little Fe and Si elements. Then a zone composed by Fe and O appears again with a 
few Ca elements. It could be explained by a small pore full of corrosion products, i.e. 
corrosion products can penetrate the cement paste and fill in the pores near the 
steel-concrete interface. 
 61
 
 
 
 
 
 
 
 
 
 
 
 
                                  (a) 
 
 
 
 
 
 
 
 
 
 
 
                             (b) 
 
 
 
 
 
 
 
 
 
 
 
                               (c) 
Fig. 8. Transformed zone in the concrete at the steel-concrete interface 
 
In conclusion, the experimental results of corroded beam B2CL1 illustrate that a 
transformed zone in concrete exists around the reinforcements. Around the same 
reinforcement, the thickness of transformed zone was also variable depending on the 
interface situation. For beam B2CL1, the transit zone could be about 50 µm in the 
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cement paste, but 0 in the sand. According to Alonso et al [20], the formation of this 
zone can be explained by the dissolution and precipitation of iron oxide and iron 
hydroxides, filling the binder pores, whereas Chitty et al [7] took into account iron 
dissolution in the rust layer and its mass transport in the binder through convection 
effects and reprecipitation. Generally, the thickness of the transformed zone depends on 
the porosity of concrete and the age of the sample. Compared with the transfer zone from 
1 mm to several millimetres in the researches of Chitty et al [7], the transformed zone 
length of B2CL1 was very small. It may be due to the fact that the samples of Chitty et al 
were several hundreds years old and also with different concrete porosities and 
composition.  
 
2.4. Corrosion product morphologies at the steel-concrete interface 
  
On the concrete surface at the interface 
 
The overview of concrete surface of sample SEM-CS (Fig. 9(a)) shows that only a part 
of surface was covered by corrosion products. In some regions like Fig. 9(b), only 
concrete with micro cracking due to the volume expansion of corrosion products can be 
observed. 
 
 
 
 
 
 
 
 
 
              (a)                                 (b) 
 
 
 
 
 
 
 
 
 
 
 
                                  (c) 
Fig. 9. Overview of the corrosion products on cement paste at steel-concrete interface 
(sample SEM-CS) 
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EDXA analysis of the small circled zone at the centre of Fig. 9(a) demonstrates that 
corrosion products on concrete surface should be iron oxide, iron oxyhydroxides and iron 
oxychlorides, which are mainly composed of O, Fe, CL (Fig. 9(c)). At the same time, 
small amount of Si, Ca, C and Na are found derived from the concrete, salt fog and CO2 
of the ambiance. The appearance of C element is in agreement with the analysis of XRD, 
which also demonstrates the presence of Calcite (CaCO3) due to the penetration of a 
small amount of atmospheric CO2 into steel-concrete interface through corrosion cracks.  
 
Fig. 10 highlights various morphologies of corrosion products under high 
magnification by MEB. The corrosion products on the concrete surface always present 
varying lamellar crystals morphology. The Fig. 10(c) shows a magnified (3300X) detail 
of the flat region at the left-bottom part of the Fig. 10(b). This flat region is clearly 
composed of minerals with the nesty or foam-like morphology. Koleva et al [21] has 
observed the similar morphologies of corrosion products considering the flower-like 
structure as the existence of goethite (α-FeOOH), the relatively flat foam-like products as 
lepidrocrocite (γ-FeOOH) and the nest area with larger size at centre than in periphery as 
the typical morphology of iron oxychloride. The grains in Fig. 10(a) and (d) composed of 
Si, O and Ca are identified to be a small granule or sand derived from concrete surface 
by EDXA analysis. As the beam was subjected to chloride ingress, the needle-like 
morphology of Akaganite (Fe3+(O,OH,CL)) can be observed in the vicinity of the 
concrete-steel interface. The formation of less adherent Akaganite is always 
accompanied by increased corrosion rates [21]. Porous morphologies of corrosion 
products are clearly visualized near to concrete surface at steel-concrete interface.  
 
 
 
 
 
 
 
 
         (a)                        (b)                      (c) 
 
 
 
 
 
 
 
         (d)                        (e)                       (f) 
Fig. 10. Significant morphologies of corrosion products on concrete surface of sample 
SEM-CS 
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On the surface of teel rebar 
 
Overviews and EDXA analysis of the cylindrical surface of compressive rebar sample 
SEM-SS (Fig. 11) illustrate that all the surface of steel bar was covered by the corrosion 
products. The relatively porous corrosion products grew on a dense and compact layer 
bonded to the surface of corroded reinforcement. This observation is in agreement with 
the research of Duffó et al on corrosion of steel reinforcements embedded in concrete 
during 65 years due to carbonation [2].  
The morphologies of corrosion products under higher magnification are presented in 
Fig. 12. Fig. 12(a) shows the dense layer with clear microcracks. These cracks allowed 
water displacement and mass transport in the corrosion rust layer. The dense layer was 
considered as Magnetite in contact with metal surface by Koleva et al [21], on which 
various morphologies of iron compounds generally grow. Fig. 12(b) – (f) present the 
significantly different morphologies of corrosion products as flower-like, globular and 
lamellar crystal products of various dimensions, which were attributed to goethite 
(α-FeOOH) and lepidocrocite (γ-FeOOH). This is in agreement with the results of XRD. 
The intergrowth of goethite and lepidocrocite and, in some cases, their exfoliation, lead 
to a very large volume representative of expansive product.  
 
 
 
 
 
 
 
 
 
 
 
            (a)                               (b) 
 
 
 
 
 
 
 
 
 
 
                               (c) 
Fig. 11. Overview of corrosion products on steel cylindrical surface of sample SEM-SS 
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         (a)                    (b)                     (c) 
 
 
 
 
 
 
 
 
            (d)                    (e)                     (f)  
Fig. 12 Different morphologies of corrosion products on steel surface of sample SEM-SS 
 
2.5. Corrosion products distribution  
 
In fact, even if it was clearly seen from the SEM observations that the porous 
corrosion products grew on a dense rust layer, it is not sufficient to determine the 
distribution of corrosion products on a cross-section of steel-concrete interface. Thus, the 
Raman technique was very useful to study the local structure of corrosion products at the 
microscopic scale. Only the interfaces of compressive rebars were studied here. 
 66
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13. Optical microphotograph of sample LMDC-C1 from beam B2CL1 
 
The optical microphotographs of sample LMDC-C1 (Fig.13) at higher corrosion zone 
presents the typical marbling structure and cracks of rust layer around the compressive 
rebar of beam B2CL1. Most cracks, in which some of them were filled by the resin, are 
parallel to the steel-rust interface. It should be noticed that it is not sure that all the cracks 
had existed before sample moulding. For this study, the distribution of corrosion 
products, two locations (Zone 1 corresponding to a pitting attack and Zone 2 
corresponding to general corrosion in Fig. 13) were chosen to perform the Raman 
analyse. Fig. 14 shows the measured points and some Raman spectra in Zone 1 (point 01 
~ point 10) and Zone 2 (point 11 ~ point 14). These points were respectively located in 
the areas with different brightness. The experimental results are presented in Table 1. 
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                  (a) Zone 1 
 
 
 
 
 
 
 
 
 
 
 
                    (b) Zone 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 14. Measured points and Raman spectra of sample LMDC-C1   
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Zone Measured spectrum Rust compositions  
LMDC-C1-01 Ferrihydrite 
LMDC-C1-02 Ferrihydrite 
LMDC-C1-03 Lepidocrocite 
LMDC-C1-04 RAS (resin) 
LMDC-C1-05 In the white vein: Ferrihydrite 
LMDC-C1-06 In the dark matrix: Goethite in resin 
LMDC-C1-07 In the dark matrix: Goethite in resin 
LMDC-C1-08 In the white vein (higher): Ferrihydrite 
LMDC-C1-09 In the dark matrix: Goethite + Ferrihydrite 
Zone 1 
LMDC-C1-10 In the white vein (connected with a crack): 
Ferrihydrite 
LMDC A1-11 Ferrihydrite 
LMDC A1-12 Goethite 
LMDC A1-13 Ferrihydrite Zone2 
LMDC A1-14 Goethite + lepidocrocite 
RAS: no clear spectrum because of too much fluorescence of resin 
Table 1. Raman analysis results of sample LMDC-C1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 15. Optical microphotograph of sample LMDC-C2  
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                (a) Zone 1 of LMDC-C1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (b) Zone 2 of sample LMDC-C2 
Fig. 16. Measured points and Raman spectra of sample LMDC-C2  
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Zone Measured spectra Rust compositions 
LMDC A2-01 RAS 
LMDC A2-02 RAS Zone 1 
LMDC A2-03 RAS 
LMDC A2-04 Goethite  
LMDC A2-05 Ferrihydrite 
LMDC A2-06 Goethite 
LMDC A2-07 Ferrihydrite 
LMDC A2-08 Lepidocrocite 
Zone 2 
LMDC A2-09 Ferrihydrite 
Table 2. Raman analysis results of sample LMDC-C2 
 
Corrosion of the sample LMDC-C2 was too low to lead to corrosion cracking in 
surrounding concrete even if the highest thickness of rust layer reached about 700 µm 
under the rebar (Fig. 15). Two areas corresponding to the corrosion zone 1 with about 20 
µm of rust layer thickness and to the zone 2 with about 550 µm of rust layer were chosen 
to locally perform the Raman analysis. The measured points and Raman spectra are 
presented in Fig. 16. Unfortunately, all three points in zone 1 did not present the clear 
spectra because of too much fluorescence of resin, which penetrated into the rust layer. 
The results are listed in Table 2. 
 
The experimental results demonstrate that, regardless to the heavier corrosion in zone 
2 in comparison with zone 1, only iron oxyhydroxides were detected in the rust layer 
around compressive rebar, such as Goethite, Lepidocrocite and Ferrihydrite. Neither iron 
oxides nor iron oxychlorides were detected by the Raman spectra in the rust layer. Even 
if the typical marbling structure described by Chitty et al [6] can be distinguished, the 
veins in some places are so numerous and small that the rust layer is formed by an 
interconnected network of the two patterns (the dark matrix area and the bright vein area) 
(Fig. 14(b)). In addition, the quantities of dark matrix at higher corrosion region, 
especially in the location of pitting attack (Zone 1 of sample LMDC-C1 in Fig. 14), is 
obviously higher than that at lower corrosion region (Fig. 16(b)). The matrix appearing 
darker under Optical Microphotograph is always formed by Goethite and the veins 
appearing relatively bright are always formed by Ferrihydrite. In the pitting attack, a strip 
formed by Lepidocrocite was observed near to metal/rust interface (Point 03 in Fig. 
14(a)), whereas in the lower corrosion region, Lepidocrocite was found at the external 
part of rust layer (Point 08 in Fig. 16(b)).  
 
The comparison between the Raman spectra and the XRD spectrum for B2CL1 (Fig. 5) 
shows that the experimental results are obviously conflicting. XRD analysis shows that 
the corrosion products were mainly composed of Magnetite, Goethite and a little of 
Lepidocrocite, Akaganeite and Calcite. It was not evident if determinate 
Hematite/Maghemite existed in the rust layer because their peaks were too closed to the 
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highest peak of Magnetite. It should be noticed that no Ferrihydrite was detected in XRD 
spectra of B2CL1 and B1CL1 (Fig. 6). Whereas, in Raman analysis, no spectra of 
Magnetite/Maghemite were found in the rust layer around the compressive rebar, a 
number of Ferrihydrite instead was observed at the veins corresponding to relative bright 
zone. Also, neither Akaganeite nor Calcite was observed. One reason of these conflicting 
results is maybe that a part of rust compositions in the Raman samples has changed 
during the process of sampling. The presence of less crystallized phase of ferrihydrite 
type can be resulted from a more recent evolution of the corrosion layer [6]. Another 
reason maybe can be attributed to the difference between tensile rebar and compressive 
rebars. Both XRD samples of corroded beams were sampled on the tensile reinforcement 
in a high corrosion area with a general corrosion pattern. For the Raman analysis, 
sampling was performed on the compressive rebars. In addition, it is well-known that the 
Raman technique is used to analyze the compound in a very local area, which much 
depended on the locations chosen.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 17. Microphotograph and schematic representation of a transverse section of an iron 
rebar corroded in a hydraulic binder according to Chitty et al. [7] 
 
In the general pattern proposed by Chitty et al [7] based on the iron bars in mortar, 
plaster or in concrete after up to several hundred years, the steel-concrete interface is 
made up of a multi-layer structure as: the metallic substrate (M), the dense product layer 
(DPL), the transformed medium (TM) and the binder (B) (Fig. 17). The DPL matrixes 
are mostly constituted of one or several mixed of oxy-hydroxides i.e. Goethite, 
Lepidocrocite, or Akaganeite when enough chlorine is present in the DPL to stabilise this 
phase. In these matrixes, some veins made of iron oxides (Maghemite or/and Magnetite) 
are observed. For the chloride corroded beams of LMDC, the XRD analysis have 
demonstrated the existence of Magnetite or/and Meghemite and Geothite, especially a 
number of Magnetite or/and Maghemite was detected in the rust of B2CL1 in the general 
corrosion zone. However, because the XRD sample was the mixture of corrosion 
products, it is impossible to obtain the information of spatial distribution of corrosion 
products. Referring to the observations of Raman analysis, the rust layer of B2CL1 can 
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be also considered as marbling structure. The microphotograph and schematic 
representation of the transverse section of reinforcement in B2CL1 can be shown as Fig. 
18. In this figure, the quantity of Magnetite or/and Maghetite is obviously higher than in 
model of Chitty et al, whereas the TM zone is far lower than the one in that model and is 
inferior to 50 µm after 23 years of exposure.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 18. Microphotograph and schematic representation of a transverse section of B2CL1 
 
The general relationship between the iron compounds and the conditions under which 
they have been deposited have been widely discussed [22]. The frequent occurrence of 
Magnetite and Lepidocrocite is associated with an important supply of Fe2+ ions. As the 
presence of Fe2+ ions is often combined with the change of alkaline conditions in 
concrete, Magnetite is a common corrosion product due to the pH decrease close to the 
neutral value. Afterwards, it is oxidized at low temperature level and transformed either 
to Goethite (α-FeOOH) or to Lepidocrocite (γ-FeOOH). All the reactions (oxidation) are 
electro balanced by the reduction of oxygen. The oxidation and reduction of corrosion 
products depends on oxygen availability. In this case, considerable corrosion cracks 
should have an influence on iron oxides transformation to a considerable extent. 
 
3. Conclusions 
 
After 23 years of exposure, the chloride contents in the concrete measured at the depth 
of reinforcement are far superior to the chloride thresholds according to RILEM or ACI. 
Both corrosion products samples, corresponding to different periods of exposure, were 
constituted of the same compounds of the iron oxides and iron oxyhydroxides: magnetite, 
goethite, and a little of lepidocrocite, akaganeite as well as calcite. However, the rust 
sampled on the more corroded beam obviously had higher proportion of magnetite.  
 
The cross-section at the steel-concrete interface was composed of a multi-layer 
structure: the metal (M), the dense product layer (DPL), the transformed medium (TM) 
Metal (M) 
Dense Product 
Layer (DPL) 
Binder (B) 
Concrete 
Transformed 
Medium (TM) 
Goethite 
Lepidocrocite 
Magnitite or/and 
Maghetite 
Goethite 
0~50 µm 
0~5 mm  
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and the binder (B). Observations under SEM technique have illustrated the existence of 
TM layer, even if the thickness of TM layer was very small. The thickness of 
transformed zone depends on the porosity of concrete and the age of the sample. The 
Raman analysis has shown a typical marbling structure in the DPL layer. The dark 
matrix areas under Optical Microphotograph always are formed by Goethite and the 
veins appearing relatively bright always are formed by Ferrihydrite. Lepidocrocite was 
also detected by the Raman spectra in the rust layer. However, the experimental results 
were a little different from the experimental results of XRD. This could be attributed to 
the difference on sampling process and experimental method.  
 
But some questions still remain and need further studies, such as whether and how the 
corrosion cracking influences corrosion products growth, or whether there is real 
difference on corrosion compositions between tensile and compressive reinforcement. 
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I-C – Modèle reliant l’ouverture de fissure à la réduction de section 
d’armature 
Dans cette partie, est reprise l’étude de la corrélation entre la fissuration de 
corrosion (essentiellement l’ouverture des fissures) et le niveau de corrosion (en 
terme de perte de masse) des armatures correspondantes. Les deux étapes du 
processus de propagation de la corrosion mises en évidence précédemment, 
conduisent à proposer un modèle supplémentaire prenant en compte la corrosion 
généralisée par rapport à celui mis en évidence lors de la thèse de T. Vidal 
concernant la corrosion localisée. 
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Concrete cover cracking with reinforcement corrosion of RC beam 
during chloride-induced corrosion process 
Abstract: 
 
This paper deals with the evolution of corrosion pattern based on two corroded beams 
B1CL1 and B2CL1 respectively after 14 years and 23years of conversation in chloride 
environment. The experimental results indicate that, at the cracking initiation stage and 
the first stage of cracking propagation, localized corrosion due to chloride ingression is 
the predominant corrosion pattern, and the pitting corrosion is the main factor that 
influences the cracking process. With corrosion cracking developing, general corrosion 
rapidly develops and gradually becomes predominant in the second stage of cracking 
propagation. A comparison between existing models and experimental results illustrates 
that, even if Vidal et al model can better predict the reinforcement corrosion of beam 
B1CL1 under localised corrosion pattern, it cannot predict the corrosion of beam B2CL1 
under general corrosion pattern. Also, Rodriguez model derived from the general 
corrosion due to electrical accelerated corrosion experiment cannot match to the natural 
chloride corrosion irrespective of localised corrosion or general corrosion. Thus, for the 
natural general corrosion in the second stage of cracking propagation, a new model based 
on the parameter of average steel cross-section loss is put forward to predict the steel 
corrosion from corrosion cracking.  
 
Key words: Chloride corrosion, Reinforcement, Crack, Model, Corrosion pattern 
 
1. Introduction 
 
One of the main causes of premature damage in reinforced concrete structures is 
reinforcement corrosion. Accurate information on corrosion distribution along the 
reinforcement is the basis of mechanical behaviour analysis of corroded elements. As an 
important characteristic of corrosion, the longitudinal cracks provide a visual 
manifestation of reinforcement corrosion within concrete. Damage can be detected 
visually as coincident cracks along the reinforcement, are in relation with both the 
reduction of the rebar cross-section and the loss of bond between reinforcement and 
concrete. This provides a possible approach for non-destructive evaluation of the 
corrosion state of reinforcement.  
 
Even though there are several methods for non-destructively studying the evolution of 
corrosion, such as electrochemical techniques [1-3], RADAR measure etc [4], it is 
impossible to accurately assess the corrosion distribution along reinforcements 
embedded in concrete. Therefore, some experimental works have been carried out in 
order to show empirical link between the occurrence of cracks and their widths with the 
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amount of corrosion products based on accelerated tests or natural corrosion process. As 
the corrosion process due to electrical accelerated test is very different from a natural 
corrosion, the works by Alonso et al [5] and Rodriguez et al [6] may be not 
representative of the real in-site situation. Oppositely, Vidal et al [7] have studied two 
3-m-long beams corroded in a saline aggressive environment and subjected to 
wetting-drying cycles and sustained loading. Although the wetting-draying cycles were 
used on the beams to accelerate the corrosion process, the corrosion obtained was very 
much closer to the natural chloride-induced corrosion, with respect to corrosion 
distribution, corrosion type and the oxides produced, than those resulting from the use of 
an electrical current or a CaCl2 admixture in concrete [8]. 
 
In this paper, the evolution of corrosion pattern due to chloride ingress was firstly 
discussed based on the cracking maps and the real corrosion distributions along 
reinforcements of two corroded beams B1CL1 and B2CL1 respectively after 14 years 
and 23 years of exposure in chloride environment. Then, existing models derived from 
accelerated corrosion or natural corrosion were compared with the experimental results 
to clarify the influence of corrosion pattern evolution and the relation between 
accelerated corrosion and natural corrosion. Then, a new model based on experimental 
results under general corrosion pattern was put forward to predict reinforcement 
corrosion from corrosion crack width. 
 
2. Experimental program 
 
2.1 Reinforced concrete specimens 
 
The reinforced concrete specimens studied in this paper were cast in 1984 in order to 
study the steel corrosion process and its influence on the mechanical behaviour of the 
reinforced concrete elements [9-12]. The full-size beams (300×28×15 cm) were stored 
in aggressive environment under loading. The layout of reinforced concrete beam B is 
shown in Fig. 1. The aggressive environment was a salt fog (35 g/l of NaCL 
corresponding to the chloride concentration of sea water). More details on this long term 
experimental program are available in [12]. 
 
 
 
 
 
 
 
 
 
Fig. 1. Layout of the reinforcement (all dimensions in mm) for type B beams 
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The concrete mix and the cement chemical composition are given in Table 1 and Table 
2. Water content was adjusted to obtain a slump of 7 cm. The average compressive 
strength and elastic modulus obtained on cylinder specimens (110×220 mm) were 45 
MPa and 32 GPa at 28 days. 
 
Table.1. Concrete composition (kg/m3) 
Mix component   
Rolled gravel (silica + limestone) 5/15 mm 1220 
Sand 0/5 mm 820 
Portland Cement: OPC HP (high 
perform) 
 400 
Water  200 
 
Table.2. Cement composition (%)  
 SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O 
Weight 21.4 6.0 2.3 63.0 1.4 3.0 0.5 
 
2.2 Cracking map 
 
After 14 and 23 years of exposure, a large number of longitudinal cracks due to 
reinforcement corrosion could be observed on all the surfaces of the corroded beams. 
Prior to the destructive experiment of the corroded beams, their cracking maps were 
drawn with the locations of flexural transverse cracks and longitudinal corrosion 
cracking. Only the widths of longitudinal corrosion crack were indicated on the maps. 
The crack widths were measured by using a binocular lens with an accuracy of 0.02 mm.  
 
2.3 Corrosion distribution 
 
To evaluate the corrosion damage, the covering concrete was completely removed 
from the reinforcement. The steel cross-section reductions were assessed from the 
reinforcement mass loss. Using the parts of the same rebar in non-corroded areas as the 
reference mass of reinforcement per unit of length, in corroded areas, the residual mass 
per unit of length of the sample was evaluated after the complete removal of the 
corrosion products (using Clark's solution ANSI/ASTM G1-72) and then related to the 
reference mass. The average reinforcement mass loss per unit of length ∆m was then 
calculated. In the case of local pitting attacks, the length of the samples could be inferior 
to 5 mm. The steel cross-section loss was finally deduced from the loss of mass using Eq. 
(1): 
ss A
m
mA ⋅∆=∆                                          (1) 
Where ∆As is the average steel cross-section loss (mm2) on the sample length, As is the 
sound steel cross-section (mm2) and m is the reference mass per unit of length.  
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3. Experimental results  
 
3.1 Cracking maps  
 
The cracking maps of corroded beam are presented in Fig. 2 and Fig. 3 for B1CL1 
after 14 years of exposure and for B2CL1 after 23 years of exposure. Flexural transversal 
cracks, which resulted from the three-points-flexure, appeared in the tensile central part 
of the beam where the stresses in the concrete exceeded its tensile strength.  
 
For beam B1CL1 after a period of 14 years (Fig. 2), only four corrosion cracks were 
randomly distributed along reinforcement in the compressive zone. Their widths were 
inferior to 0.5 mm. On the contrary, the corrosion cracks in the tensile zone were more 
concentrated in the middle part. Especially around the mid-span of the back surface, the 
crack widths had reached 1.4 mm.  
 
For beam B2CL1 after a period of 23 years (Fig. 3), the cracks in the compressive zone 
were longer and wider than those of beam B1CL1 with the maximum crack width 
reaching 2.8 mm. The locations of crack were also irregular. In the tensile zone, the 
corrosion cracks on the tensile surface developed and interconnected with crack widths 
reaching more than 3 mm at the mid-span. Several independent cracks have been found 
on the front surface and back surface along the tensile steel bars.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. The cracking maps of beam B1CL1 at 14 years period 
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Fig. 3. The cracking maps of beam B2CL1 at 23 years period (the hatching part means 
that its concrete has fallen off) 
 
3.2 Distribution of reinforcement cross-section loss 
 
Along the reinforcements of B1CL1 and B2CL1, red and brownish-red coloured rusts 
were observed in different amounts and at different positions on the steel bar surfaces. 
Even on the same reinforcement, the corrosion activities were also different depending 
on the locations along the rebar. It was obvious that the steel bars of B2CL1 were more 
corroded than those of B1CL1. 
 
Fig. 4 and Fig. 5 respectively show the corrosion of tensile rebars and compressive 
rebars of corroded beam B1CL1. For the tensile rebars, the maximum cross-section 
reduction occurred on the back tensile rebar around the mid-span (Fig. 4). In the central 
zone, general corrosion could be more and less observed along corrosion cracks but the 
localized pitting corrosion was still relatively predominant (Fig. 6 (a)). In addition, 
several isolated pitting attacks were found along the bars outside the central part. Around 
these pitting attacks corresponding to corrosion cracks inferior to 0.5 mm, no obvious 
general corrosion was found (Fig. 6 (b)). For the compressive rebars (Fig. 5), the 
corrosion activities randomly distributed in agreement with the locations of corrosion 
crack on the beam surfaces.  
 
3.2+1.0=4.2mm Front bar 
3.1mm Back bar 
Front surface 
Tension surface 
Back surface 
Compression surface 
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Fig. 4. Distribution of corrosion along the tensile reinforcements of beam B1CL1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Distribution of corrosion along the compressive reinforcements of beam B1CL1 
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        (a) Central zone                       (b) Pitting attacks 
Fig. 6. Corrosion on the tensile steel bars of beam B1CL1 at 14 years period 
 
The corrosion distributions of reinforcement of B2CL1 are shown in Fig. 7 and Fig. 8. 
Along the tensile rebars (Fig. 7), the corrosion developed more extensively than that of 
B1CL1 (Fig. 4) and the general corrosion became the predominant pattern although some 
pitting attacks could be easily distinguished (Fig. 9). Corrosion homogeneously occurred 
around the cross-section of the steel bars. Along the compressive bars of B2CL1 (Fig. 8), 
the corrosion distribution was similar to the one of B1CL1 with higher loss of 
cross-section and larger crack width. In the non-cracked region, several pitting attacks 
and a slight general corrosion were detected on the lower half surface of the steel 
according to the casting direction, where the void was formed due to the effect of 
bleeding. Other researchers have observed the same phenomenon [13-14].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Distribution of corrosion along the tensile reinforcements of beam B2CL1 
Pitting attacks 
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Fig. 8. Distribution of corrosion along the compressive reinforcements of beam B2CL1 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Corrosion on the tensile steel bars of beam B2CL1 in the central zone at 23 years 
period  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. The portions of tensile rebars between two stirrups of corroded beam B2CL1 at 
23 years period  
 
 
Position of stirrups 
Front tensile steel bar 
Back tensile steel bar 
Spacing ≈ 200 mm 
Non-corrosion steel bar 
General corrosion 
Pitting attack 
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It should be pointed out that the reinforcing steel bar located in the vicinity of the 
stirrups are always less corroded than the adjacent parts of the same rebar (Fig. 7 and Fig. 
10). In fact, the stirrup locations always correspond to the occurrence of flexural cracks. 
The short-time experimental results (5 years) have shown that corrosion only onset at the 
tip of flexural crack [8]. But, the long-term experimental results herein were clearly in 
agreement with the conclusions of others researchers and showed that flexural cracks did 
not significantly influence the long-term corrosion process of tensile bars and corrosion 
cracking [12, 15-16]. Indeed, corrosion at flexural transverse crack tips only concerns the 
lower part of the stirrups and does not affect the structural performance. Then, the 
combinated effects of the cracks self-healing due to concrete re-hydratation and healing 
due to corrosion products free expansion along these cracks, lead to a neglectable 
corrosion rate at long term. 
 
4. Corrosion pattern evolution 
 
Although the pitting attack is an important characteristic of chloride-induced corrosion, 
the experimental results obtained on beams B1CL1 and B2CL1 showed that corrosion 
pattern evolved towards the general corrosion pattern with the cracking development 
during natural corrosion process. The evolution of corrosion pattern versus time is 
schematically shown in Fig. 11.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11. Corrosion pattern evolution versus time under natural chloride-induced 
corrosion 
 
Corrosion initiation  
 
At the beginning of experiment, due to the flexural cracks resulting from the 
three-points-flexure, corrosion firstly occurred on the steel located at the flexural crack 
tip after few months only. But this corrosion activity slowed down and stopped due to 
self-healing phenomena [16-18]. At this stage, no corrosion crack appears. 
Time 
 Localized corrosion 
 
General corrosion 
Cracking 
initiation 
Corrosion 
initiation 
Corrosion 
First stage of cracking 
propagation 
Second stage of cracking 
propagation 
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Afterwards, the chloride ions penetrated through the concrete and reached the 
threshold value (about 0.4% per cement mass) at the depth of steel rebar. Along the 
rebars, the localized breakdown of the passive film due to chloride ingression randomly 
occurred at the locations of imperfect passive film and interface defects [19]. This led to 
the initiation of pitting corrosion.  
 
Cracking initiation 
 
The corrosion products are expansive and have greater volume than initial steel, which 
will induce to corrosion cracking when the resulting tensile stress in surrounding 
concrete has reached the tensile strength limit of concrete. Therefore, during this period, 
the localised corrosion due to chloride ingression is the main corrosion pattern. This is 
consistent with the observation of the steel bars of beam B1CL1 after 14 years of 
exposure. Localized corrosion was still the prominent pattern along beam B1CL1 except 
in the central part where the corrosion cracks were already quite wide after 14 years in 
chloride environment (Fig. 4 and Fig. 5).  
 
First stage of cracking propagation 
 
Corrosion cracking leads to the deterioration of steel-concrete interface along a 
significant length of steel bars. The aggressive agents can more easily reach the steel 
surface with corrosion cracking developing. Thus, general corrosion was more and less 
observed along the corrosion cracks of beam B1CL1 in the central part (Fig. 6(a)), which 
was a different pattern in comparison to other locations with lower corrosion cracks 
widths (Fig. (6b)). However, at the beginning of corrosion cracking, the corrosion cracks 
are always short and their widths are very small, which limit the aggressive agents 
accessing to steel bars. So general corrosion progresses very slowly and the pitting 
attacks remain still predominant, as observed on most part of the corroded beam B1CL1 
(Fig. 4 and Fig. 5). In this period, the small and independent corrosion cracks should 
depend on the maximum localized pitting corrosion within the region of the crack. 
 
Second stage of cracking propagation 
 
In this stage, as the corrosion develops, the longitudinal corrosion cracks interconnect 
and grow wide. This leads to further steel-concrete interfaces degradation and more steel 
surface exposed to chloride, humidity and oxygen. Hence, in these areas, general 
corrosion develops and gradually becomes predominant. This corrosion pattern could be 
observed on the tensile reinforcements of B2CL1 after 23 years of exposure (Fig.9-10). 
Even if some deeper pitting attacks compared to nearby general corrosion still existed, 
the beam B2CL1 obviously corresponded to the second stage of cracking propagation as 
general corrosion distributing almost all along the central part (Fig. 7).  
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In conclusion, the occurrence of the corrosion cracks and their widening modify the 
corrosion pattern along the steel reinforcing bars. In fact, corrosion distributions of 
reinforcement in large-dimension concrete element are complex and gradually develop. 
It is difficult to fix the division between the first stage and the second stage of cracking 
propagation. However, in the first stage, corrosion cracks resulted from localized pitting 
corrosion are always short and independent on the surfaces of beam, whereas, in the 
second stage, corrosion cracks interconnect and widen along the rebars. Therefore, while 
we study the correlation between corrosion cracking and reinforcement corrosion, it is 
necessary to take into account the evolution of corrosion pattern during corrosion 
process.  
 
5. Comparison between experimental results and existing models 
 
To assess reinforcement corrosion from corrosion cracks, some researchers proposed 
models based on the attack penetration parameter [5, 6], other ones proposed models 
based on the cross-section loss of steel rebar [7]. In this section, two existing models 
respectively derived from natural and accelerated corrosion experimental results would 
be introduced. Then, the models are tested using the experimental results obtained on the 
corroded beams corresponding to different corrosion phases to clarify the influence of 
corrosion pattern. 
 
5.1 Determination of equivalent crack width 
 
For one location of reinforcement corrosion, cracking on one surface or two surfaces 
around the rebar can be observed (Fig. 12). So the equivalent crack width corresponding 
to the same corroded area should consider the crack widths on the two beam surfaces. 
For case 1, the equivalent width weq is the sum of both cracks w1 and w2. For case 2, the 
equivalent width weq is the width of one crack w3. 
 
 
 
 
 
 
 
 
 
 
Fig. 12. Examples of equivalent cracks configuration for a same corrosion state [7] 
 
5.2 Vidal et al model linking corrosion crack width to the local cross-section reduction  
 
Vidal et al model [7] predicts the local cross-section loss of reinforcement from crack 
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width following two steps of cracking process: cracking initiation and cracking 
propagation.  
 
Steel cross-section loss initiating cracking 
 
In cracking initiation period, corrosion products have to firstly fill in the local pores 
and deposits at the steel-concrete interface before to generate the radial pressure on 
surrounding concrete. The steel cross-section loss ∆As0 due to localized corrosion 
necessary for cracking initiation is calculated by using Eq. (2): 
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where, ∆As0 is the steel cross-section loss for cracking initiation (mm2), As is sound steel 
cross-section (mm2), ø0 is the initial reinforcement diameter (mm), c is the covercrete 
(mm), α is the pit penetration parameter: α=2, for homogeneous corrosion, 4<α<8, for 
localized corrosion [6]. 
 
This equation does not take into account the concrete characteristics (concrete tensile 
strength, porosity, etc.) because Vidal et al model is derived from experimental data 
obtained from beams cast with the same concrete, which is also the same concrete of 
beams  in this paper. 
 
Relationship between crack width and local steel cross-section loss 
 
According to Vidal et al model, during the cracking propagation phase, the crack width 
is directly linked to the volume of oxides, which is proportional to the steel cross-section 
loss. A linear relationship linking the local reinforcement cross-section loss to the crack 
width was proposed [7]. The empirical linear expression predicting crack propagation is 
as follows: 
)( 0ss AAKw ∆−∆=                                            (3) 
where, w is the crack width (mm), ∆As is the local steel cross-section loss (mm2), K = 
0.0575, r2 = 0.82 (from the regression). 
 
Vidal et al model was derived from the experimental results obtained on two corroded 
beams B1CL1 and A1CL1.  
 
5.3 Rodriguez model linking corrosion crack width to the attack penetration 
 
According to Rodriguez et al [6], attack penetration can be calculated from measured 
steel loss of mass by using Eq. (4), which presents the relationship between corrosion 
(pitting attack or homogeneous corrosion) and reinforcement diameter decrease (Fig. 
13): 
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xαφφ −= 0                                                  (4) 
where, ø is the residual bar diameter; ø0 is the initial bar diameter; x is the attack 
penetration; α is the attack penetration parameter: α=2, for homogeneous corrosion; 
4<α<8, for localized corrosion. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13. Residual reinforcing bar section [6] 
 
The relationship between corrosion attack penetration and the steel cross-section loss 
(Eq. 5) can be deduced by coupling Eq. (1) and Eq. (4): 
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where, x is the attack penetration (µm), ø0 is the initial bar diameter (mm), ∆As is the 
steel cross-section loss (mm2), As is sound steel cross-section (mm2). 
 
Eq. (5) shows that, for the same initial rebar diameter ø0 and the same cross-section 
loss ∆As, homogeneous corrosion or pitting attack can lead to very different attack 
penetrations values.  
 
For linking the steel corrosion to cracking evolution, a linear relationship Eq. (6) 
proposed by Alonso et al [5] allows to predict the attack penetration required for 
corrosion cracking initiation. 
0
0 32.953.7 φ
c
x +=                                             (6) 
where, x0 is the attack penetration needed to initiate cracking (µm). 
 
During the cracking propagation phase, a general form of the linear relation between 
crack width and attack penetration proposed by Rodriguez et al [6] is: 
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)(05.0 0xxw −+= β                                           (7) 
where, x is the attack penetration (µm), β is the coefficient depending on the position of 
rebar: β=0.01 for top cast bar; β=0.0125 for bottom cast bar. 
 
However, the position of reinforcement taken into account by the model of Rodriguez 
(coefficient β) seems to have no influence on cracking development, because the voids 
under the upper bar with respect to the casting direction will only delay the cracking 
initiation. Namely, the steel bar’s position only affects the value of attack penetration 
initiating cracking. Thus, for reinforcements at different positions, Eq. (7) should have 
the same slope but with different intercepts corresponding to the attack penetration 
values necessary for cracking initiation, which depend on the concrete characteristics, 
concrete cover, initial rebar diameter as well as the position of rebar. 
 
Herein, the Rodriguez model of beam B is obtained as Eq. (7a) by applying the 
parameters of tensile reinforcement of beam B in Eq. (6) and Eq. (7). 
For beam B: 1995.00125.0 −= xw                               (7a) 
 
5.4 Comparison between experimental results and existing models 
 
Fig. 14 shows the predictions of existing models and the experimental results obtained 
on corroded beams B1CL1 after 14 years of exposure, A1CL1 after 17 years and B2CL1 
after 23 years. All details for beam A1CL1 are available in [7]. The predominant pitting 
attacks of beams A1CL1 and B1CL1 illustrated that both of them were located in the 
localized corrosion pattern stage (Fig.6). Their experimental results were obtained by the 
sampling of the steel bars, which the size of samples was adjusted variably to the pit size. 
Each sample included a pit of corrosion. On the contrary, the extensive general corrosion 
along the tensile reinforcements of B2CL1 displayed that the beam corresponded to 
general corrosion pattern stage. For beam B2CL1, the experimental results were obtained 
by two steps. Firstly, the steel bars were divided into several portions of about 200 mm 
length (Fig. 10) cut at the locations of the stirrup, where corresponded to the relatively 
low steel cross-section loss. Each portion was considered as an individual sample to 
weigh the mass loss to calculate the average cross-section loss (Fig. 15). Secondly, the 
portions of corroded rebar were divided into much smaller samples to get the detail 
information of corrosion distribution (Fig. 7).  
In Fig. 14, in order to keep consistent with Vidal et al model based on local pitting 
pattern, for beam B2CL1, the maximum steel cross-section reduction corresponding to 
the maximum width of crack in each portion was chosen as an experimental point of 
B2CL1 (Fig. 15). Depending on the locations of portion along the reinforcement, this 
maximum steel section loss can correspond to local pitting attacks or uniform corrosion 
values. Vidal et al model and Rodriguez model are also presented in Fig. 14. Rodriguez 
model with α = 8 corresponds to pitting attack, and Rodriguez model with α = 2 
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corresponds to homogeneous corrosion at the cross-section of steel bar (Fig. 13).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 14. Crack width evolution versus local steel cross-section loss of corroded beams 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 15. Maximum local cross-section loss and average cross-section loss versus crack 
width measured on the front tensile reinforcement of beam B2CL1 
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It is obvious that only the points of beams B1CL1 and A1CL1 exhibit an acceptable 
correlation with the linear relationship of Vidal et al model. It can be attributed that the 
reinforcements of both beams were in the period of the first stage of cracking 
propagation even though the low general corrosion has occurred in the central zone of 
tensile reinforcements of B1CL1. Most longitudinal corrosion cracks along tensile 
reinforcements were small, correspondingly, the reinforcement corrosion exhibited as 
discontinuous pitting attacks and the non-symmetric corrosion at the steel cross-section 
(Fig. 6). Consequently, the corrosion cracking width was only related to the maximum 
localized corrosion within the region of crack. Nevertheless, the predictions of Rodriguez 
model (α = 8), which corresponds to pitting attack (Fig. 13 (b)), slightly underestimate 
the reinforcement corrosion in the localized corrosion stage. It can be explained that the 
corrosion accelerated by electrical currents is closer to a general corrosion, which is 
different from the localised corrosion due to natural chloride-induced. Although a 
penetration parameter α is adopted to represent the difference of two corrosion patterns, 
Rodriguez model based on accelerated corrosion till deviates from the natural 
experimental results. 
 
However, Vidal et al model is significantly conservative for the experimental results of 
corroded beam B2CL1 (Fig. 14) because almost all the experimental points lie above the 
prediction line of model. In fact, after 23 years of exposure, beam B2CL1 was already in 
the second stage of cracking propagation with the interconnected and grand longitudinal 
cracks and the predominant general corrosion pattern (Fig. 9). Comparing the curve of 
cracking width with the reinforcement corrosion distribution (Fig. 15), it is evident that 
the cracking width is no longer correlative to the maximum steel cross-section loss. The 
maximum value 46 mm2 of local steel cross-section loss corresponds to the crack width 
of 2.5 mm at the central zone of the front tensile rebar. Thus, in the second stage of 
cracking propagation, the crack width at one location did not only depend on the local 
cross-section reduction at same location; but also was affected by the surrounding 
general corrosion and the extension of nearby grand corrosion cracks. This can explain 
why the experimental results of B2CL1 are not reproduced by Vidal et al model. On the 
other hand, even if corrosion on the cross-section of steel rebar is quite symmetric and 
approaches to be homogeneous for B2CL1, Rodriguez model with α=2 corresponding of 
homogeneous corrosion cannot yet better predict the reinforcement corrosion (Fig. 14). 
The model evidently underestimates the reinforcement corrosion from the crack width 
because the experimental points lie below the model line. It can be attributed that the 
general corrosion accelerated by electrical current is not better representative to the 
natural general corrosion pattern.  
 
In conclusion, due to the evolution of corrosion pattern during the natural chloride 
corrosion process, the existing models could only predict a part of experimental results 
corresponding to the period of cracking initiation and first stage of cracking propagation, 
where the localized corrosion is the predominant corrosion pattern. For the localized 
corrosion pattern stage, Vidal model is better than Rodriguez model to predict the 
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maximum local cross-section loss of steel bar from corrosion crack width. For the 
general corrosion pattern stage, it is necessary to propose a new relationship linking 
crack width to reinforcement corrosion. 
 
It can be seen that, in Fig. 14, the experimental points of B2CL1 significantly scatter in 
comparison with those points of beams B1CL1 and A1CL1. This also can be attributed to 
the evolution of corrosion pattern. As discussion above, for B1CL1 and A1CL1, the 
maximum local cross-section loss of reinforcement was obviously a suitable parameter to 
describe the cracking process in the first stage of cracking propagation while the 
localized corrosion was predominant pattern. Nevertheless, for beam B2CL1 in the 
second stage of cracking propagation, in which the general corrosion became the 
predominant pattern, this parameter was no longer the main cause that influenced the 
evolution of corrosion cracks. Therefore, it is necessary to choose a new suitable 
parameter to describe the reinforcement corrosion.  
 
6. New model predicting the reinforcement corrosion based on the general corrosion 
pattern 
 
Under the general corrosion pattern, the average cross-section loss parameter ∆Asm is 
chosen as the parameter rather than the local cross-section loss to describe the 
reinforcement corrosion in the second stage of cracking propagation. As mentioned 
above, the tensile reinforcements of beam B2CL1 were firstly divided into several 
portions with about 200 mm of length according to the locations of stirrup (Fig. 10). The 
average cross-section loss ∆Asm of each portion can be obtained by measuring its mass 
loss ∆m, then be calculated using Eq. (1). The average cross-section loss is more 
correlative to corrosion crack width than the local maximum cross-section loss for the 
front tensile reinforcements of beam B2CL1 (Fig. 15).  
 
Fig. 16 shows the experimental results of average steel cross-section loss in relation to 
crack widths measured on two tensile reinforcements of beam B2CL1. The points are 
obviously correctly correlated to a linear relationship. This confirms that the average 
steel cross-section loss is a more suitable parameter to describe the cracking propagation 
in the second stage of cracking propagation. The empirical linear expression predicting 
crack propagation under general corrosion pattern is as follows: 
164.01916.0 +∆= smAw                   (8) 
where w is the crack width (mm), ∆Asm is the average cross-section loss (mm2), r2 = 
0.8572 from the regression. 
 
In comparison with the new proposed model, Rodriguez model (α=2) presented in the 
same figure leads to underestimate the steel corrosion because most of experimental 
values of average cross-section loss are superior to the predictions of model. Therefore, 
even if the corrosion morphology of accelerated corrosion is much closer to the general 
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corrosion pattern, the deduced model does not match with experimental results obtained 
in the general corrosion pattern of natural chloride-induced corrosion. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 16 Crack width evolution versus average cross-section loss of corroded beam 
B2CL1 
 
As mentioned by Vidal et al [7], this model does not take into account the concrete 
characteristics (concrete tensile strength, porosity, etc.) because all the beams used in this 
study were cast using the same concrete. Thus, the experimental data available allow for 
no conclusions to be drawn on the influence of concrete characteristics. Moreover, it is 
not sure whether the concrete cover affects the relationship between general corrosion 
and crack width in the second stage of cracking propagation period because the 
experimental data about general corrosion were only obtained on beam B2CL1. 
Therefore, the new proposed model should be further verified in in-site or on other 
corroded elements. 
 
7. Conclusions  
 
Although the localised corrosion of pitting attacks is the only corrosion pattern at the 
beginning of natural chloride-induced corrosion, the corrosion pattern will develop with 
the presence of corrosion cracking and cracking development. The corrosion cracking 
process should be divided into three phases in terms of corrosion pattern evolution and 
the relationship linking reinforcement corrosion with crack width within these phases is 
as follows:  
 
- During the cracking initiation phase, the local pitting attack due to chloride 
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ingression is the only corrosion pattern. The necessary localized section loss for 
cracking initiation ∆As0 is calculated using Eq. (2) with α=8, which represents the 
pit penetration parameter of localized corrosion pattern.  
 
- During the first stage of cracking propagation, corrosion cracks are always 
independent along the reinforcements, and the localized corrosion remains 
predominant. The pits of corrosion are discontinuous along the rebars and the 
corrosion is not symmetric on the steel cross-section. The crack width w is related 
to the maximum localised corrosion of reinforcement ∆As using Eq. (3).  
 
- During the second stage of cracking propagation, wide corrosion cracks result in 
general corrosion along a large part of reinforcements in front of the cracks. 
General corrosion becomes the predominant corrosion pattern and corrosion is 
much closer to homogeneous corrosion on the cross-section of steel. The quite 
continuous corrosion along steel rebars makes the average cross-section loss ∆Asm 
become the decisive parameter of crack width w. The width of crack w can be 
calculated using Eq. (8). 
 
Generally, the corrosion pattern accelerated by imposing direct electrical current is 
closer to a general corrosion like the natural corrosion during the second stage of 
propagation. Even if Rodriguez model derived from accelerated corrosion takes into 
account the corrosion pattern by the penetration parameter α, the comparison between 
models and experimental results illustrates that Rodriguez model matches neither the 
localized corrosion pattern nor the general corrosion pattern of natural chloride-induced 
corrosion process. Therefore, it should be cautious when the models derived from the 
accelerated corrosion on small size specimens are used in the large element under natural 
corrosion. Further verification is necessary before validating the models in in-site 
structures.  
 
For a given corrosion crack, the prediction of localized cross-section loss corrosion 
based on Vidal et al model is always higher than the average cross-section loss predicted 
by the new proposed model. Due to the complex corrosion distribution of the embedded 
rebar in a real corroded structure, it is impossible to know a prior if the given part of the 
structure is in “localized corrosion phase” or in “general corrosion phase”. Therefore, in 
practice, both models can be used together to determine the minimal and the maximal 
limits of reinforcement corrosion level to assess the change in mechanical behaviour of 
the corroded structure. It should be noted that, under the general corrosion pattern, the 
prediction of Vidal et al model may be too conservative.  
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I-D – Critère de limite de service basé sur la réduction de l’adhérence 
acier-béton 
A partir des résultats obtenus sur l’évolution de la raideur des poutres corrodées 
en fonction du temps et des simulations réalisées sur des poutres témoins pour 
clarifier les rôles respectifs de la perte d’adhérence et de la perte de section d’acier 
sur le comportement en service et à rupture, un critère de limite de service (fin de la 
période de propagation) est proposé. 
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Abstract 
 
This paper will focus on the study of reinforced concrete elements stored in a chloride 
environment for a period of 14 to 23 years under service loading. At different stages, 
cracking maps have been drawn and mechanical tests performed under service loading 
and this up to failure. After failure, the real corrosion state of the tension reinforcing bars 
has been analysed accurately. Corrosion simulations have been carried out on a control 
beam in order to clarify the respective influences of the steel cross-section loss and the 
steel-concrete bond reduction on the serviceability and the ultimate capacity of corroded 
beams.  
 
Corrosion of reinforcement in chloride environment leads to a specific local steel 
cross-section loss as well as a steel-concrete bond loss. Experimental results have shown 
that, in the first stage of corrosion propagation period, the deflection is more sensitive to 
chloride-induced corrosion than the ultimate capacity due to the effect of the tension 
steel-concrete bond loss. However, both are correlated. Given this high sensibility of the 
bending stiffness to corrosion pitting attacks, it appears that a Serviceability Limit State 
(SLS) criteria based on excessive deflection of structural members is an adequate factor 
for SLS assessment. Furthermore, under corrosion propagation period, when the bond is 
significantly reduced, only the ultimate capacity is affected by the steel cross-section loss. 
This does not affect the serviceability, because pitting attacks are very localised with an 
insignificant influence on the global deflection. Then, once the steel-concrete bond is lost 
in critical parts of the beams (high bending moment areas), pitting corrosion propagation 
does not affect anymore serviceability (stiffness reduction, bending or corrosion cracks 
patterns) but still leads to an ultimate capacity reduction, which is not acceptable. As a 
result, excessive steel-concrete debonding can be considered as the SLS criteria. 
 
Keywords: Reinforced concrete, Corrosion, Bond, Serviceability, Ultimate capacity, 
Limit state criteria 
 
Introduction 
 
Service life analysis for reinforced concrete structures in chloride environment is based 
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on an estimation of both the time for chloride to reach a critical threshold level at the 
steel location in a concrete structure (initiation phase) and the time for steel corrosion 
propagation. In the propagation phase, corrosion leads to several coupled effects such as 
the longitudinal cracking of concrete cover due to expansive corrosion products, steel 
cross-section reduction, degradation of steel-concrete bond as well as a ductility 
reduction [1, 2]. As a result, the load-bearing capacity and consequently the service life 
of reinforced concrete elements are considerably reduced. Modern code design 
procedures for concrete structures are based on limit states method which recognises that 
a structure must satisfy simultaneously a variety of different design specification 
requirements concerning both strength and serviceability. According to DuraCrete Final 
Technical Report [3], two categories of different criteria should be considered as the end 
of service life:  
 
Service Limit State (SLS) criteria: 
- Depassivation of reinforcement, which corresponds to the end of initiation phase. 
- Corrosion cracking of concrete cover as propagation ends when a certain allowable 
crack width has been reached.  The value of 0.3 mm has been estimated as critical. 
- Spalling of concrete cover, which is considered as an unacceptable condition as it is 
susceptible to endangers human life due to the probability for pieces of concrete to 
fall down. Spalling is observed when crack reaches 1.0 mm in width  
 
Ultimate Limit State (ULS) criteria: 
- When load carrying capacity is reduced enough due to ongoing corrosion by further 
cross sectional loss. In this case, the reduction of the safety margin between design 
load and ultimate capacity is unacceptable and leads to a real risk of failure.  
 
For the design of new concrete structures, initiation phase is usually considered as the 
design life or service life, which means that no corrosion is allowed during this period. 
This conservative and idealistic approach of service life is useful in the planning and 
management of repair and maintenance of future reinforced concrete structures. However, 
for already existing structures which are in propagation phase or not, or for a more 
realistic and economic design of new structure life time, it would be premature to 
associate initiation phase, concrete cracking or spalling as an indication of the end of 
service life. On the contrary, service life during the propagation period will largely 
depend on how corrosion, such as chloride-induced corrosion, affects the structural 
behaviour in regard to both serviceability and ultimate capacity.  
 
In this paper, based on a long-term study of naturally corroded RC-beams [4-6], criteria 
to be considered as the end of service life are proposed and discussed. Particularly, 
Serviceability Limit State is linked to excessive deflection of structural members 
subjected to flexure due to the total steel-concrete bond loss in high bending area. But 
the residual ultimate capacity of the structure is also taken into consideration.  
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I Experimental context  
 
A long-term experimental program was initiated in 1984 at the Laboratoire Materiaux 
et Durabilité des Constructions (L.M.D.C.) in Toulouse, France [6]. The aim was to 
improve the understanding of steel corrosion process in reinforced concrete elements and 
its incidence on the structural performance. This important research project thus 
consisted in the casting of a set of 72 reinforced concrete beams (300 x 28 x 15 cm). 
These elements of current size in construction industry were stored in a chloride 
environment under service load to take into account the influence of flexural cracks on 
corrosion process. At different stages, experimental studies were performed on beams to 
assess the development of flexural and corrosion cracking, to measure the chloride 
content and to analyse the evolution of the mechanical behaviour.  
 
The natural aggressive environment was a salt fog (35 g/l of NaCl corresponding to the 
salt concentration of sea water) generated through the use of four sprays located in each 
upper corner of a confined room (Figure1). After 6 years of storage, the beams were 
submitted to wetting-drying cycles in order to accelerate the corrosion process: 
• from 0 to 6 years: continuous spraying under laboratory conditions (T0≈20oC), 
• from 6 to 9 years: cycles spraying under laboratory conditions (T0≈20oC), one week 
of spraying and one week of drying, 
• from 9 to 19 years: cycles spraying, one week of spraying and one week of drying, 
however the confined room was transferred outside, so the beams were exposed to the 
temperature of the south-west of France climate. 
• From 19 to 23 years: cycles have been stopped, unloaded, the beams submitted to the 
temperature of the south-west of France and had corroded naturally. 
 
Although this represented an accelerated version of the real process, the corrosion 
obtained was much closer to that actually observed in natural conditions, with respect to 
corrosion distribution, corrosion type and the oxides produced, in comparison to those 
resulting from the use of an impressed current or a CaCl2 admixture in concrete. 
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Figure 1 : Experimental setup and exposure conditions. 
 
The beams were divided in two groups, the type A and type B beams, which had 
different reinforcements lay-out, but used the same ordinary reinforcing steel (yield 
strength = 500 MPa). Beams A and B corresponded to a 40 mm and 10 mm concrete 
cover respectively. According to French regulations at the time of manufacturing (BAEL 
1983 [7]), 40 mm corresponded to the minimum concrete cover in very aggressive 
environment (i.e.: chlorides aggression) and 10 mm corresponded to the minimum 
concrete cover in non-aggressive environment. The beams were loaded in three-points 
flexure by coupling a type A beam with a type B beam (Figure 1). Two loading values 
were applied: Mser1 = 14 kN.m (Beams noted A1CL and B1CL) and Mser2 = 21 kN.m 
(Beams noted A2CL and B2CL).  
 
The beams studied in this paper are a B1CL beam (called B1CL1) and two B2CL 
beams (called B2CL1 and B2CL2). The layout of the reinforcement of these beams is 
presented in Figure 2. For these beams, Mser1 corresponds to about 50% of the failure 
load, the maximum stress in the tensile steels σs was 240 MPa (Ultimate limit state 
design in a non-aggressive environment according to French standards). Mser2 
corresponds to about 80% of the failure load, the maximum stress in the tensile steels σs 
was 380 MPa (about two times the Serviceability limit state design to be exposed to 
chloride environment according to French standards).  
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Figure 2 : Lay-out of the reinforcement (all dimensions in mm) for type B beams. 
 
The composition of concrete and its cement chemical composition are given in Table 1. 
The Water/Cement ratio was 0.5 but its water content was adjusted (i.e. 0.49 or 0.48) to 
obtain a constant workability of 7 cm in slump test.  
 
Mix component   
Rolled gravel (silica + limestone) 5/15 mm 1093 kg/m3 
Sand 0/5 mm 734 kg/m3 
Portland Cement: OPC HP (high perform.)  358 kg/m3 
Water  179 kg/m3 
Cement composition   
 SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O 
% weight 21.4 6.0 2.3 63.0 1.4 3.0 0.5 
Table 1 : Concrete compositions. 
 
The average compression stress and the elastic modulus obtained on cylinder 
specimens were respectively 45 MPa and 32 GPa at 28 days. The tensile strength, 
measured using the splitting test, was 4.7 MPa. Its porosity was 15.2%. In order to carry 
out a comparative study, 36 control beams have also been placed for observation. These 
beams have the same concrete compositions and reinforcement layout and were stored 
under the same sustained load but in a 60% of R.H. and 20°C laboratory room.  
 
In this paper, the analysis of three corroded beams extracted from the confined room at 
different stages in the propagation phase of corrosion is presented. The aim is to analyse 
and understand the corrosion process in propagation and its impact on the structural 
performance under service load and up to failure. Beams B1CL1 and B2CL1 have been 
loaded up to failure after respectively 14 years and 23 years. As regard beam B2CL2, its 
ultimate capacity was not measured but only serviceability factor was studied.  
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II Experimental program 
 
This research work concerns three types of beams, labelled B1CL1, B2CL1 and B2Cl2. 
The study of these reinforced concrete elements has been performed after several 
specific periods of storage. 
 
Cracking maps 
 
First of all, the cracking maps were drawn with the exact locations of flexural 
transverse cracks and longitudinal corrosion cracking after 14, 19 and 23 years of 
exposure for B2CL1, after 14, 17 and 23 years for B2CL2 butonly after 14 years for 
B1CL1. The crack widths were measured using a binocular lens with an accuracy of 0.02 
mm. 
 
Mechanical experiments 
 
The global mechanical behaviour under service loading has been analysed through the 
study of mid-span deflection after 14 years for B1CL1, after 14, 19 and 23 years for 
B2CL1 and after 14, 17 and 23 years for B2Cl2 beam, this in comparison with a control 
beam labelled BT. Tests were performed in three-points flexure. The maximum loading 
applied for all the beams during these tests was Mser1 = 14 kN.m (i.e.: 20 kN loading). 
Then, assessment test up to failure was performed after 14 years for B1CL1 and after 23 
years for the B2CL1 batch.  
 
Steel reinforcement corrosion 
 
The distributions of local steel cross-section reduction along all the tensile bars lengths 
of the corroded beams B1CL1 and B2CL1 were measured following the mechanical test 
up to failure. To assess the corrosion damage, the concrete covering layer was 
completely removed from reinforcement. We assessed the steel cross-section reduction 
from the reinforcement mass loss. Reference mass of reinforcement per unit of length 
was measured with reference to parts of bar in non-corroded areas. In corroded areas, the 
residual mass per unit of length of the sample was evaluated after the complete removal 
of the corrosion products (using a Clark's solution ANSI/ASTM G1-72) and then related 
to the reference mass. The average reinforcement mass loss per unit of length ∆m was 
then calculated. In the case of local pitting attacks, the length of the samples can be 
inferior to 5 mm. The steel cross-section loss was finally deduced from the loss of mass 
using the relation (1): 
ss A
m
mA ∆=∆
         (1) 
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Where ∆As is the average steel cross-section loss (mm2) on the sample length, As is the 
sound steel cross-section (mm2) and m is the reference mass per unit of length. A more 
detailed physicochemical study of beam B1CL1 sample is already available [8]. 
 
Simulating corrosion experimentally 
 
Pitting attacks result from natural chloride corrosion and lead to local cross-section 
reductions. The resulting cracks have led to a loss of bond between reinforcing steel and 
concrete. Then, some corrosion simulations were carried out on the control beam BT to 
clarify the respective influences of the local cross-section reduction and the 
steel-concrete bond degradation on the serviceability (deflection). The simulation of the 
loss of bond strength was achieved by removing the concrete cover. The simulation of 
steel cross-section reduction due to pitting attacks was achieved by sawing local notches 
on the reinforcing bars. First of all, the control beam was divided in several sections of 
about 200mm length (Figure 3). This length corresponds to the stirrups spacing and then 
to the bending cracks spacing as flexural cracks always occur in front of the stirrups. The 
maximum loading applied during these simulations was Mser1 = 14 kN.m (i.e. 20kN 
loading). The simulation test was performed as follow: 
 
• The initial behaviour of the control beam was measured (noted as BT); 
• One side of the concrete cover around the steel was removed in the central sector E 
(noted as BTE1); 
• The other side of concrete cover was removed in sector E, which led to a complete 
loss of bond in this zone (noted as BTE2); 
• One notch E1 was performed on the front tensile reinforcement at mid-length of 
sector E. The depth of notch was about 3mm, which corresponded to 20% 
cross-section reduction to simulate the localised corrosion (noted as BTES1, Figure 4 
(a)); 
• One notch E2 was performed on the back tensile steel bar also in sector E but not in 
front of the notch E1 (Figure 4 (b)). The depth of the notch was about 3mm, which 
corresponded to 20% cross-section reduction (noted as BTES2);  
• A second notch on the back tensile steel bar was performed in the sector E but still 
not in front of the notch E1 (Figure 4 (b)). The depth of notch was about 3.5mm, 
which corresponded to a 25% cross-section reduction (noted as BTES3);  
• A third notch on the back tensile steel bar was performed at mid-length of sector E 
then in front of the notch E1. The depth of the notch was about 4mm, which 
corresponded to 30% cross-section reduction (noted as BTES4, Figure 4 (b));  
• Both sides of concrete cover were removed in sector F (noted as BTEF2); 
• Both sides of concrete cover were removed in sector D (noted as BTED2); 
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Figure 3 : Identification of the sectors of beam BT for the corrosion simulations 
 
 
 
 
 
 
 
 
Figure 4 : Notches performed on beam BT tension steel bars in sector E after the 
removing of concrete cover to simulate a total bond loss 
 
III Experimental results 
 
Cracking maps 
 
The cracking maps of each face of the beams are presented in Figures 5, 6 and 7 after 
14 years of exposure for B1CL1, B2CL1 and B2CL2 respectively. Figures 8 and 9 show 
the cracking maps of B2CL1 and B2CL2 samples respectively after 19 and 17 years. 
Finally, Figures 10 and 11 show the cracking maps of B2CL1 and B2CL2 respectively 
after 23 years of exposure in saline environment. Flexural transversal cracks, which have 
resulted from the three-points-flexure, appeared in the tensile central part of the beam 
where stresses exceeded concrete tensile strength. Their widths were not specified on the 
maps. Only the longitudinal corrosion crack widths were indicated. 
 
E D F 
Load 
Cracks spacing ≈ 200 mm 
Span = 2800 mm 
ES1 ES2 ES4 ES3 
(a) Front Surface (b) Back Surface 
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Figure 5 : Cracking maps of beam B1CL1 after a 14 years period in a saline environment 
(crack widths in mm) 
 
 
  
 
 
 
 
 
 
 
  
 
 
Figure 6 : Cracking maps of beam B2CL1 after a 14 years period in a saline environment 
(crack widths in mm) 
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Figure 7 : Cracking maps of beam B2CL2 after a14 years period in a saline environment 
(crack widths in mm) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 : Cracking maps of beam B2CL1 after a 19 years period in a saline environment 
(crack widths in mm) 
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Figure 9 : Cracking maps of beam B2CL2 after a 17 years period in a saline environment 
(crack widths in mm) 
Figure 10 : Cracking maps of beam B2CL1 after a 23 years period in a saline 
environment (crack widths in mm) 
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Figure 11 : Cracking maps of beam B2CL2 after a 23 years period in a saline 
environment (crack widths in mm) 
 
After a 14 yearsperiod, (Figure 5) a 1.4 mm width corrosion crack has been observed at 
mid-span in the tension zone of B1CL1 sample, which corresponded to the maximum 
bending moment area. B2CL1 and B2CL2 (Figures 6 and 7) were also as much corroded 
in the tension area with corrosion maximum cracks width reaching respectively 2 mm 
and 1.1 mm. But these cracks were not in the maximum bending moment area as for 
B1CL1. In the compression zone, all the beams were corroded with corrosion cracks 
ranging between 0.2 to 1.2 mm. B2CL2 was the most corroded in the compressive zone. 
Even if all the beams were stored in the same aggressive environment, significant scatter 
on corrosion cracking development has been observed after 14 years of exposure. This is 
also true for B2CL1 and B2CL2 after 17 to 23 years of exposure.  
 
After 17 years, corrosion propagation was very important along both tensile and 
compressive steels of B2CL2 (Figure 9). In the tension area, the maximum corrosion 
crack width was 1.6 mm at the mid-span and cracks appeared on all the surfaces of the 
beam (simultaneously on both reinforcing bars). In the compression area, the maximum 
crack width reached 1.4 mm at mid-span. 
 
After 19 years, corrosion propagation was also very important along both tensile and 
compressive steels of B2CL1 (Figure 8). In the tension area, the maximum corrosion 
crack width was 3 mm at mid-span and cracks appeared on all the surfaces of the beam 
(simultaneously on both reinforcing bars), but the back surface showed a lot less 
corrosion cracks than B2CL2. In the compression area, the maximum crack width has 
Front surface 
Back surface 
Tension surface 
Compression  surface 
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reached 1 mm but not at mid-span as in the case of B2CL2.  
 
After 23 years of chloride exposure, both B2CL1 and B2CL2 beams were highly 
corroded (Figure 10 and 11). Corrosion propagation was almost equivalent for both 
beams in the tension area at mid-span with corrosion cracks reaching far more than 3 mm 
of width. But, B2CL1 still showed significantly less corrosion cracks than B2CL2 along 
the back surface in tension. In the compression area, corrosion cracks have also reached 
about 3 mm width on both beams. 
 
Simulating corrosion experimentally 
Serviceability : 
 
Figure 12 shows the deflections under 20 kN loading measured for B1CL after 14 years, 
for B2CL1 after 14, 19 and 23 years and for B2CL2 after 14, 17 and 23 years. 
Deflections measured for the 9 steps of corrosion simulation experiments performed on a 
BT control beam are also presented in Figure 12. The initial deflection of the control 
beam (BT test) is indicated by a dotted line, meaning not damaged behaviour. 
 
 
 
 
 
 
 
 
 
 
 
Figure 12 : Deflections under 20 kN loading measured on the corroded beams and 
obtained for the 9 steps of the corrosion simulations performed on B1T control beam 
 
For the 14 years old corroded beams, due to the higher corrosion crack width (1.4 mm) 
located at mid-span, the maximum deflection, measured on B1CL1, has increased more 
than 50% compared to the control beam. Even if B2CL2 batch has shown an important 
corrosion cracking at mid-span in the compression area, the deflection obtained was 
significantly lower than the one measured on B1CL1 batch. In accordance with previous 
studies [1], corrosion cracking of concrete beam in the compression area does not affect 
significantly the serviceability. Deflections of B2CL1 and B2CL2 were almost 
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equivalent, as their corrosion cracking pattern in the tension zone, with a slight increase 
in comparison to BT control beam deflection. 
 
After a 17 years period, the B2CL2 deflection increased significantly. This was due to a 
high propagation (between 14 and 17 years) of corrosion cracking at mid-span along 
both tensile reinforcing bars with several corrosion cracks superior to 1 mm width.  
 
After a 19 years period, the B2CL1 deflection has also increased significantly. As for 
B2CL2, this important reduction of stiffness was due to the high propagation (between 
14 and 19 years) of corrosion cracking at mid-span along both tensile reinforcing bars 
with several corrosion cracks reaching 3 mm width. But even if these corrosion cracks 
width were superior to the ones observed on B2CL2 after a 17 years period, the 
deflection of B2CL1 was inferior to the B2CL2 batch. The result will be discussed in 
section III of this paper. 
 
After a period of 23 years, the deflections measured on B2CL1 and B2CL2 were almost 
equivalent to the ones measured after 19 and 17 years respectively, even if the corrosion 
cracking in the tension area was more developed than that after 17 or 19 years. For 
B2CL2, cumulated cracks width on the four surfaces of the beam at mid-span propagated 
from 3.5 mm (0.3+1+0.6+1.6 mm) after 17 years to 7.2 mm (0.7+2.6+0.9+3 mm) after 
23 years. For B2CL1, cumulated cracks width on the four surfaces of the beam at 
mid-span propagated from 5.7 mm (0.8+3+1.9 mm) after 19 years to 7.3 mm (1+3.2+3.1) 
after 23 years (figures 8 to 11). This huge increase of corrosion cracks width have 
resulted obviously from an important increase of steel reinforcing bars corrosion. But the 
serviceability (deflection under service loading) of the reinforced concrete beams was 
not affected anymore between 17 years and 23 years. Results obtained from simulated 
pitting corrosion on BT beam will give an explanation of these very unexpected results. 
 
Figure 12 shows the evolution of the mid-span deflection of BT for each sequence of 
corrosion simulation. The results show that the steel-concrete bond strength deterioration 
had a significant effect on the stiffness of the beam. In zone E (Figure 3), the removal of 
concrete cover around a single tensile reinforcement (BTE1) resulted in a 15% increase 
of the deflection, and the loss of bond on both sides (BTE2) resulted in a 31% total 
increase. However, the local steel cross-section reduction had no significant influence on 
the global stiffness of the beam. With four notches on the two reinforcing bars in zone E 
and an average cross-section reduction at mid-span reaching 25% exactly, the deflection 
roses from 1.99 mm to 2.09 mm (about 5%), which is not significant according to the 
scatters of the measure (around 0.05 mm). Finally, the total bond loss in zone E (BTE2), 
F (BTEF2) and D (BTED2) induced a deflection increase of respectively 0.47 mm, 0.38 
mm and 0.34 mm. It was obvious that a bond loss in the central zone (E) had more 
influence on the global behaviour because it was the area of the maximum bending 
moment, which was consistent with the theoretical analysis. Therefore, the propagation 
of the bond loss along the span (D and F) has contributed significantly to the global 
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reduction of the bending stiffness.  
 
Ultimate capacity : 
 
Figure 13 shows B1CL1 and B2CL1 ultimate loading after respectively 14 and 23 years 
in comparison with control beam ultimate capacity measured after 14 years [2]. The 
failure of the control beams always occurs due to the yielding of the tension steel and 
then the crushing of the compressive concrete, whereas the failure of the corroded beams 
always occurs because of the yielding and the failure of the tension corroded steels. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13 : B1CL1 and B2CL1 ultimate loading after respectively 14 and 23 years in 
comparison with control beam ultimate capacity measured after 14 years  
 
The ultimate capacity of the corroded B2CL1 after a period of 23 years was a lot lower 
than the one of B1CL1 after 14 years. This important reduction of bearing capacity was 
in accordance with the significant propagation of the tensile reinforcing bars corrosion. 
At this stage, the ultimate capacity of the corroded beam was reduced enough and could 
be considered unacceptable in regard to the design load (ultimate design load) due to a 
risk of failure in service life.  
 
Figures 12 and 13 show that, after a period of 23 years, the decrease in B2CL1 ultimate 
capacity was about 40% whereas the decrease of its bending stiffness was about 90%.  
 
Steel reinforcement corrosion 
 
The distributions of local steel cross-section reduction along both tensile bars of the 
corroded beams B1CL1 and B2CL1 are presented respectively in Figures 14 and 15. The 
maximum average cross-section reductions on both tension reinforcing bars were equal 
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to 19% and 36.3% (in percentage of total initial cross-section 226 mm2) respectively for 
B1CL1 and B2CL1. The maximum cross-section loss was 10 cm away from the 
mid-span for B1CL1 and was about 20 cm away from the mid-span for B2CL1. For both 
beams, the reinforcing bar failure location is equal to the maximal cross-section loss 
location.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14 : Distributions of local steel cross-section reductions along all the tensile bars 
of the corroded beams B1CL1 after 14 years 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15 : Distributions of local steel cross-section reductions along both tensile bars of 
the corroded beams B2CL1 after 23 years 
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IV Discussion of the results 
IV-1 Ultimate limit state  
 
Figure 16 shows the ultimate capacity reduction of beams B1CL1 and B2CL1 versus 
the steel cross-section reduction at the location of the tensile reinforcing bars failure. 
According to the loading device, the load was applied on 20 cm length on the beams. 
Then, it seems reasonable to assume that the reinforcing bars failure location is almost 
equal to the maximum bending moment point (mid-span) for both beams even if the 
maximum cross-section losses were not exactly at mid-span. It is clear from this figure 
that the cross-section reduction at the critical point along the beam (i.e. in the maximum 
bending moment area) is the main factor to assess the residual bearing capacity of 
corroded reinforced concrete beams.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16 : Ultimate capacity reduction of beams B1CL1 and B2CL1 versus the steel 
cross-section reduction at the location of the tension reinforcing bars failure  
 
It is practically difficult to predict the location of the corroded bar failure in relation to 
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evaluate accurately the corrosion distribution in a non destructive way. Nevertheless, the 
region of maximum bending moment is mostly the critical area because tension loading 
is known to accelerate the steel corrosion process of a concrete structure [8, 9].  
 
According to Figure 16, the important concrete corrosion cracking in the compressive 
area of beams B1CL1 and especially of beam B2CL1 does not influence significantly the 
ultimate loading. Indeed, the important steel bars ductility reduction due to corrosion 
[2,10] leads to a change in the failure mode from concrete crushing to tensile 
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IV-2 Serviceability  
 
Simulations of corrosion performed on the control beam would help appreciate the 
analysis of the serviceability of corroded beams. Indeed, simulation results have 
highlighted : 
 
- Local cross-section reductions along the tensile reinforcing bars (simulating chloride 
pitting corrosion attacks) weakly influence the serviceability of the reinforced 
concrete beam. Indeed, the resulting increase in steel strain is so local that, when 
averaged all along the span, it does not lead to a significant increase in the global 
deflection.  
- The steel-concrete bond loss in the tension area is the main factor that affects the 
global stiffness of the reinforced concrete beams because of  the resulting loss of the 
concrete tension stiffening effect. However, the bond loss in the area of the maximum 
bending moment has more influence on the global behaviour. The propagation of the 
bond loss along the whole span also contributes significantly to an increase of the 
deflection. 
- When beams are reinforced with several steel bars, between two consecutive bending 
cracks, the local reduction of the concrete tension stiffening effect seems proportional 
to the ratio of reinforcing bars unbonded to the concrete in this area. Then, if a part of 
the reinforcing bars is still bonded, the concrete tension stiffening is partly active. 
 
These results can help explain the evolution of serviceability of the three corroded 
beams: 
 
- As confirmed by the corrosion simulation, the bond loss is mainly responsible for the 
deflection increase. Corrosion cracking occurs for small steel cross-section loss [11, 
12] and leads to a loss of re-bars confinement which is responsible of the bond 
reduction. Then, small cross-section reductions due to corrosion can lead to an 
important increase in the beam's deflection. This is the reason why an increase in 
deflection of corroded specimens is the most important at the beginning of the 
propagation phase as soon as significant corrosion cracking has occurred.  
- When the debonding is almost complete (beams B2CL1 and B2CL2 after 
respectively a 19 and 17 years period), the deflection reaches a limit. At this stage, 
the increase in deflection with corrosion propagation is only due to the steel 
cross-section reduction which do not significantly affect the beam stiffness as shown 
by simulation tests BTES1 to BTES 4. 
 
As a conclusion, when the steel-concrete bond is already lost, the reduction of the 
stiffness of corroded beams is not anymore correlated to the propagation of pitting 
corrosion.  
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V Serviceability limit state criteria 
 
Service life during the propagation period will largely depend on how corrosion, such 
as chloride-induced corrosion, affects the structural behaviour on both serviceability and 
ultimate capacity. Owners and maintenance authorities which are responsible for safety 
and adequate technical and economic management are increasingly concerned about the 
durability and safety of existing structures affected by steel corrosion. Economical 
optimisation of management must consider two critical points: assessment of the present 
structural capacity and evaluation of ongoing corrosion in order to predict the residual 
life time of the structure in respect to the specific SLS criteria.  
 
According to the experimental results presented in this paper, ultimate capacity is 
proportional to the tensile steel cross-section reduction during the whole corrosion 
process. On the contrary, a beam's stiffness reduction is correlated but not proportional to 
the steel cross-section reduction only at the first step of corrosion propagation and when 
corrosion cracking has occurred because the main factor which affects the stiffness is the 
loss of the concrete tension stiffening effect. But, stiffness is more affected than the 
ultimate load. Indeed, after 14 years, the decrease in B1CL1 ultimate capacity is about 
20% and the decrease in the bending stiffness is more than 50%. After 23 years, the 
decrease in B2CL1 ultimate capacity is about 40% and the decrease in bending stiffness 
is about 90%. This is an important result because it is always possible to measure the 
deflection of in-situ structural members under controlled loading or to evaluate the 
stiffness properties by using dynamics non destructive testing methods whereas it is not 
possible to measure directly the ultimate capacity. Then, as regard the high sensibility of 
the bending stiffness to corrosion, it appears that a Serviceability Limit State criteria 
based on excessive deflection of structural members is an adequate factor for SLS 
assessment.  
 
Figure 17 shows, according to the experimental results reported in this paper, a 
qualitative modelling of the pitting corrosion attacks evolution, the ultimate capacity and 
the serviceability (bending stiffness) versus time for reinforced concrete structural 
members in a chloride environment including initiation and propagation phases of a 
corrosion process: 
- t0 is the end of initiation period which means that corrosion starts somewhere in the 
structure - t0 is sometimes considered as the end of service life for new structures. 
- t1 is the time for first concrete corrosion cracking. 
- t2 is the time for concrete spalling (1 mm cracks width according to DuraCrete Final 
Technical Report [3]). 
- t3 is the time for tension steel-concrete bond lost in most critical parts of the structure 
(high bending moment areas) 
- t4 is the time when structural safety is lost due to an unacceptable ultimate capacity 
reduction 
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During the period (t4-t3), because the tension steel-concrete bond is already lost, the 
propagation of pitting corrosion does not affect the stiffness of the corroded beams to a 
noticeable degree. Then, firstly, ongoing corrosion (pitting attacks propagation) does not 
influence anymore the serviceability. Secondly, as concrete is already very cracked with 
local spalling, corrosion propagation may not lead to visual spectacular increase of 
concrete cover deterioration. This means that, during the period (t4-t3), visual inspections, 
deflection or bending cracks width measurements will lead experts to conclude that the 
residual capacity of the structure is relatively stable and then to the safety of the 
construction. But, as regard the ultimate capacity, ongoing propagation of pitting 
corrosion leads to a high reduction of the bearing capacity which is not measurable 
in-situ and may lead to a risk of brittle failure as corrosion highly reduces the ductility of 
reinforced concrete members [2, 10]. However, this situation is not acceptable. This is 
because an excessive steel-concrete debonding can be considered as the SLS criteria and 
time t3 corresponds to the maximum life time span of reinforced concrete structures.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
\ 
 
Figure 17 : modelling of the evolution of the pitting corrosion attacks, the ultimate 
capacity and the serviceability (bending stiffness) versus time for reinforced concrete 
structural members in chloride environment  
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VI Reinforced concrete structure assessment 
 
The method proposed for reinforced concrete structure assessment according to the 
serviceability limit state criteria is based on the comparison between a calculated 
stiffness (or deflection) and the deflection measured in-situ. Three levels of accuracy are 
proposed.  
 
Assessment level 1 : Figure 18 shows the load-deflection curves obtained for B2CL2 
after 14, 17 and 23 years, in comparison to the control beam deflection and to the 
deflection calculated before cracking and by neglecting the concrete tension stiffening 
effect. Since the steel-concrete bond has been lost in most critical parts of the structure 
after 17 years (high bending moment areas), ongoing pitting corrosion until 23 years 
does not influence to a noticeable degree the serviceability as mentioned previously. 
Conventional reinforced concrete models allow an easy calculation of the deflection by 
neglecting the concrete tension stiffening effect. Several models are also available for the 
deflection calculation including the concrete tension stiffening effect [13-17]. Then in a 
first approach, a simple comparison between the measured instantaneous deflection 
increase under controlled loading and the calculated ones by neglecting or not the 
concrete tension stiffening effect can provide an information on present structural 
capacity in respect to the SLS criteria based on excessive steel-concrete debonding. Of 
course if the measured deflection is near enough to the calculated one neglecting the 
concrete tension stiffening effect, this corresponds to the maximum deflection allowed 
therefore an immediate intervention is required. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18 : Load-deflection curves measured on B2CL2 after 14, 17 and 23 years in 
comparison to the control beam deflection and with the deflection calculated before 
cracking or by neglecting the concrete tension stiffening effect. 
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Assessment level 2 : A more accurate approach is to take into account the heterogeneous 
corrosion distribution. Indeed, as shown by corrosion simulations presented in this paper, 
a beam's stiffness can decrease step by step in relation to the progressive propagation of 
the bond loss along the span. Then, to assess more accurately the serviceability, models 
must provide good predictions of the global stiffness from the real corrosion damage 
distribution. Of course the main difficulty is to evaluate by using non destructive 
techniques the real corrosion distribution state. Then, a second approach would be to 
localise the corrosion damages along the structural members. A simple visual inspection 
could allow the cracking maps to be plotted as the ones presented in this paper (figures 5 
to 11). A total bond loss could be assumed in all regions where corrosion cracks were 
observed in the tension zone for the calculation of the global stiffness. The global 
stiffness calculated corresponds to the maximum deflection allowed (at the time of the 
inspection) before requiring an immediate intervention. This maximum deflection 
allowed is time dependent according to eventual corrosion cracks propagation in other 
areas along the span. The comparison between this new calculated deflection with the 
one measured in-situ could give more accurate information on present structural capacity 
than level 1 assessment as level 2 is a more local approach which takes into account the 
localisation of chloride corrosion attacks. 
 
Assessment level 3 : This third assessment level should give the best accuracy in the 
prediction of the residual capacity of the structure. Level 3 is based on models, such as 
[17-18], which allow to predict the progressive steel-concrete bond reduction (stiffness 
reduction) versus corrosion propagation then versus the steel cross-section reduction. 
The purpose is to fit the calculated deflection to the experimental one by fixing the 
adequate steel cross-section reductions in the areas where corrosion cracks are observed. 
Based on this reverse process, the real corrosion distribution can be deduced. Of course, 
accuracy of this method will be a lot better if coupled with other non destructive methods 
such as Electro-Chemical methods, the analysis of corrosion cracks width to predict the 
steel mass loss… 
 
A classification of the structures according to these three levels of assessment could be 
performed and useful for owners to manage the existing stock of corroded constructions. 
At same time, the assessment of ongoing corrosion rate is also of a great interest to 
evaluate the residual service life span in respect to the SLS criteria and to help in 
establishing a grid of corroded construction classification. Corrosion rate in-site 
measurement and the prediction of its evolution with environmental conditions are 
critical points that need to be controlled in the future [19].  
 
Conclusions 
 
- In the first stage of a chloride trigged corrosion propagation period, pitting corrosion 
development, ultimate capacity and bending stiffness reduction are correlated. 
However, the deflection is more sensitive to the corrosion pitting attacks than the 
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ultimate load due to the effect of the tension steel-concrete bond loss. As regard to 
the high sensibility of the bending stiffness, it appears that a Serviceability Limit 
State (SLS) criteria based on excessive deflection of structural members is an 
adequate factor for SLS assessment. 
- Later on during the propagation period, when the steel-concrete bond is lost in 
critical parts of the structure (high bending moment areas), the propagation of local 
pitting corrosion still leads to the ultimate capacity reduction but is not correlated 
anymore with the reduction of the stiffness which remains constant and quasi equal 
to the stiffness calculated by neglecting the concrete tension stiffening effect. This 
time should be considered as a SLS criterion. 
- For existing corroded structures: A simple comparison between the measured in-situ 
deflection and the calculated ones by neglecting or not the concrete tension stiffening 
effect could give a relevant and valuable information about the present structural 
capacity in respect to the SLS criteria. 
- For the design of new concrete structures: initiation phase is usually considered as 
the design life or service life. This means that no corrosion damaged is allowed 
during this period. In-situ experience shows that corrosion damages have often 
occurred (or locally at least) before the end of the expected service life and they do 
not really affect the serviceability of the structure immediately. On the contrary, 
recent works [2, 20] have shown that reinforced concrete structures can perfectly 
ensure a good quality of serviceability for a very long time in corrosion propagation 
period. Regarding the structural performance reduction, results have shown that the 
propagation period can be as long as the initiation phase in the service life. Therefore, 
the propagation period should be considered as a normal step in the service life span. 
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I-E – Modélisation du comportement mécanique en service du 
béton armé corrodé 
 
Cette partie s’intéresse à la modélisation du comportement mécanique à partir 
d’une approche par Macro-Elément en proposant deux stratégies de calcul. La 
première est destinée à modéliser le comportement pendant la phase de 
développement des piqûres de corrosion et la seconde est destinée à modéliser le 
comportement pendant la phase de globalisation et d’homogénéisation de la 
corrosion sur les armatures. 
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Model for corroded reinforced concrete beam serviceability 
assessment 
Abstract: 
 
The mechanical comportment of RC elements due to chloride-induced corrosion is 
degraded by the reduction of reinforcement cross-section reduction and the deterioration 
of steel-concrete bonding. In this paper, the simulation tests have illustrated that it was 
the bond strength deterioration instead of the local steel cross-section reduction, which 
significantly modified the global service comportment of the beam. Based on two 
corroded beams broken respectively after 14 years and 23years of exposure, the 
corrosion distribution of reinforcement has shown that the corrosion pattern has evolved 
from localized corrosion to general corrosion during natural chloride-induced corrosion 
process. Different mechanical comportment models were respectively proposed for the 
corroded reinforced concrete subjected to localized corrosion pattern or general 
corrosion pattern. For the localized corrosion pattern in the first stage of cracking 
propagation, the stiffness of element is only affected by the steel-concrete bonding 
degradation due to pitting attacks. For the general corrosion pattern in the second stage 
of cracking propagation, the serviceability is influenced by the coupled effect of the 
bonding damage and the steel cross-section loss due to general corrosion. The increase of 
flexural cracks due to the simultaneous loading and corrosion process is also one of 
important factors that increase the deflection of structures. Based on the FEM analysis, 
the model was validated on two beams stored in chloride environment under a service 
load respectively after 14 and 23 years. 
 
Key words: Mechanical comportment, Chloride corrosion, Concrete, Model, Corrosion 
pattern, FEM 
 
1. Introduction 
 
Corrosion of reinforcements is one of main reasons that affect the serviceability and 
the safety of the concrete structure by the increase of deflection, the reduction of 
structural capacity and the reduction of ductility. Many researches have considered the 
initiation of corrosion as the end of lifetime of the structures, i.e. a certain chloride 
concentration threshold is reached at the depth of reinforcement [1-3]. However, recently, 
other researches have illustrated that, for RC flexural members subjected to constant 
chloride invasion as represented by a marine environment, the initiation of reinforcement 
corrosion is only a short period of time in service [4-7]. The corrosion propagation phase 
should be taken into account in predicting lifetime models, especially for existing 
structures when corrosion has already started. Therefore, researches dealing with the 
influences of corrosion on the mechanical behaviour of corroded reinforcing concrete are 
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necessary for engineers to more precisely evaluate the service state and set up a 
maintenance program of the structures. 
 
Conventional reinforced concrete model does not take into account the concrete 
tension stiffening effect because it does not affect the ultimate limit state. However, 
Castel et al [8-9] have shown that the steel cross-section loss is not enough to explain the 
stiffness loss of corroded RC beams even if it is the main parameter which leads to a 
reduction of capacity and ductility. The tensile concrete between two flexural cracks 
contributes to a part of flexural stiffness of element via the steel-concrete bonding 
strength. So, several models have been put forward for the deflection calculation to 
include the concrete tension stiffening effect based on the moment-curvature relationship 
[10-15]. Kwak et al. [16] has also proposed an analytical approach to model the tension 
stiffening effect by using a polynomial function of the normal strain distribution on the 
transfer length that is defined as the length necessary for the full transmission of the 
tensile load from rebar to concrete. 
 
The reinforcement corrosion results in the reduction of steel cross-section and the 
degradation of steel-concrete bonding strength. The deterioration of steel-concrete bond 
strength in the tensile zone can cause a significant increase in the deflection of RC 
structures under service load. Then, based on the main assumptions of the CEB-FIP 
model code, a model is proposed by Castel et al [14] to allow the quantification of the 
coupled effect of steel cross-section loss and bond strength loss due to reinforcement 
corrosion on the mechanical behaviour of reinforced concrete. The loss of bond is taken 
into account by using a scalar damaged variable, which ranges between 0 and 1 (0 when 
the bond is perfect and 1 when the bond is totally lost due to reinforcement corrosion). 
Another method based on the formulation of a macro-element to be used in FEM 
analysis is proposed by François et al [15] to take into account the effect of 
reinforcement corrosion on the bond by increasing the transfer length versus intensity of 
corrosion.  
 
In this paper, based on a long-term experimental program initiated in the Laboratoire 
Matériaux et Durabilité des Constructions (L.M.D.C.), the evolution of corrosion pattern 
was firstly discussed during natural chloride corrosion process. Then the corrosion 
simulation tests were performed on a control beam to clarify the respective effects of the 
local steel cross-section reduction and the steel-concrete bond deterioration on the 
mechanical behaviour in service. Afterwards, according to the evolution of corrosion 
pattern during natural chloride-induced corrosion process, different models were 
proposed to take into account the influence of reinforcement corrosion under different 
corrosion pattern. Finally, the macro-element approach, which was proposed by François 
et al [15] based on a linear variation of concrete and re-bar strain over the transfer length, 
is adopted to apply the models to two corroded beams.  
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2. Experimental program 
 
2.1 Reinforced concrete specimens 
 
The reinforced concrete specimens studied in this paper were cast in 1984 in order to 
study the steel corrosion process and its influence on the mechanical behaviour of the 
reinforced concrete elements [4,8-9,17]. The full-size beams (300×28×15 cm) were 
stored in aggressive environment under loading. The layout of reinforced concrete beam 
B is shown in Fig. 1. The aggressive environment was a salt fog (35 g/l of NaCL 
corresponding to the chloride concentration of sea water). More details on this long term 
experimental program are available in [4]. 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Layout of the reinforcement (all dimensions in mm) for type B beams 
 
In order to realize a comparative study, several control beams have been cast at the 
same time. These beams have the same concrete composition and reinforcement layout, 
but were stored in a 50% of R.H. and 20 °C laboratory environment. 
 
The compositions of concrete and cement chemical composition are given in Table 1 
and Table 2. Water content was adjusted to obtain a slump of 7 cm. The average 
compressive strength and elastic modulus obtained on cylinder specimens (110×220 mm) 
were 45 MPa and 32 GPa at 28 days. 
 
Table 1. Concrete composition (kg/m3) 
Mix component   
Rolled gravel (silica + limestone) 5/15 mm 1220 
Sand 0/5 mm 820 
Portland Cement: OPC HP (high 
perform) 
 400 
Water  200 
 
Table 2. Cement composition (%)  
 SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O 
Weight 21.4 6.0 2.3 63.0 1.4 3.0 0.5 
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2.2 Cracking map 
 
Cracking maps were drawn with the locations of flexural transverse cracks and 
longitudinal corrosion cracking respectively after 14 years of exposure for B1CL1 and 
after 23 years for B2CL1. Only the widths of longitudinal corrosion crack were indicated 
on the maps. The crack widths were measured by using a binocular lens with an accuracy 
of 0.02 mm.  
 
2.3 Corrosion distribution 
 
To evaluate the corrosion damage, the steel cross-section reductions were assessed 
from the reinforcement mass loss by completely removing the covering concrete. Using 
the non-corroded parts on the same rebar as the reference mass, the residual mass per 
unit of length of the sample in corroded areas was evaluated after disposing all the 
corrosion products (using Clark's solution ANSI/ASTM G1-72) and then related to the 
reference mass. The average reinforcement mass loss per unit of length ∆m was then 
calculated. In the case of local pitting attacks, the length of the samples could be inferior 
to 5 mm. The steel cross-section loss was finally deduced from the loss of mass using Eq. 
(1): 
ss A
m
mA ⋅∆=∆                                          (1) 
Where ∆As is the average steel cross-section loss (mm2) on the sample length, As is the 
sound steel cross-section (mm2) and m is the reference mass per unit of length.  
 
2.4 Simulated experiment 
 
The simulation of corrosion was carried out on a control beam to clarify the influence 
of corrosion on serviceability and ultimate strength of beam. The simulation of the loss 
of bond strength was achieved by removing the concrete cover. The simulation of steel 
cross-section reduction was achieved by sawing local notches on the reinforcing bars. 
Then, the serviceability of control beam was analysed through measurements of the 
deflection at the mid-span under service loading in three-point flexion. The service 
loading (Mser=13.5 kN.m) corresponded to a load of 20 kN. The vertical displacement at 
the mid-span of beam was measured using numerical displacement sensors with an 
accuracy of 0.01 mm. 
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Fig. 2. The control beam BT. 
 
Fig.2 shows that the control beam was divided into several sectors of about 200 mm 
length. This length corresponded to the distance between stirrups and the bending cracks 
spacing as flexural cracks always occur in front of the stirrups. The simulation test was 
performed as followed: 
 The initial behaviour of the control beam was measured (noted as BT); 
 One side of concrete cover around the steel was removed in the central sector E 
(noted as BTE1); 
 The other side of concrete cover was removed in sector E, which resulted in a 
complete loss of bond in this zone (noted as BTE2); 
 A notch ES1 was performed on the front tensile reinforcement at the midpoint of 
sector E. The depth of a notch was about 3 mm, which corresponded to 20% 
cross-section reduction to simulate the localized corrosion (noted as BTES1, like Fig. 
3 (a)); 
 One notch ES2 was performed on the back tensile steel bar also in sector E but not in 
front of notch ES1 (Fig. 3 (b)). The depth of the notch was about 3mm, which 
corresponded to 20% cross-section reduction (noted as BTES2);  
 The second notch ES3 on the back tensile steel was performed in sector E but still 
not in front of the notch ES1 (Fig. 3 (b)). The depth of the notch was about 3.5 mm, 
which corresponded to a 25% cross-section reduction (noted as BTES3);  
 The third notch ES4 on the second tensile steel back tensile steel bar was performed 
at the mid-length of sector E then in front of the notch ES1. The depth of this notch 
was about 4mm, which corresponded to 30% cross-section reduction (noted as 
BTES4, Fig. 3 (b));  
 Both sides of concrete cover were removed in sector F (noted as BTF2); 
 Both sides of concrete cover were removed in sector D (noted as BTD2); 
 
As an important character of chloride-induced corrosion, the localized corrosion 
simulated above can be representative of the actual corrosion situation under natural 
chloride corrosion. 
 
 
 
E 
 
D 
 
F 
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Cracks spacing ≈ 200 mm 
 
Span = 2800 mm 
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Fig. 3. The control beam BT in the cases of BTES1 and BTES4 
 
3. Experimental results and discussion 
 
3.1 Corrosion cracking evolution  
 
Fig. 4 and Fig. 5 show the cracking maps of corroded beam respectively for B1CL1 
after 14 years of exposure and for B2CL1 after 23 years of exposure. Because of the low 
tensile strength of concrete, reinforced concrete elements subjected to bending load were 
cracked at the locations of stirrups in the central tensile zone with bigger moment at the 
beginning of loading [17,19]. With the corrosion developing, the corroded beams 
exhibited more flexural cracks than control beams due to the simultaneous effect of 
corrosion and loading. This phenomenon was also noticed by other researchers [15, 22]. 
New flexural cracks appeared between the existing ones and out of the cracking zone 
(increase of the length of the span with cracks).  
 
After 14 years of exposure, many small longitudinal cracks appeared on the surfaces of 
B1CL1 due to reinforcement corrosion (Fig. 4). In comparison with the four corrosion 
cracks randomly along compressive reinforcements, corrosion cracking in the tensile 
zone was more concentrated in the middle part. The corrosion cracks were small and 
independent except that one located at the mid-span of the back surface, which was 
longer and wider with crack width reached 1.4 mm. For B2CL1 after 23 years of 
exposure (Fig. 5), corrosion cracks appeared all along the surfaces. In the tension surface, 
the corrosion cracks interconnected and widened, and the maximum crack width was 
superior to 3 mm at the mid-span of beam.  
ES1 ES2 ES4 ES3 
(a) Front Surface (b) Back Surface 
Pitting attacks 
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Fig. 4. Cracking maps and the macro-element mesh model of beam B1CL1 at 14 years 
period 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. The cracking maps and the macro-element mesh model of beam B2CL1 at 23 
years period (the hatching part means that its concrete has fallen off) 
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As a visible consequence of reinforcement corrosion within concrete, corrosion 
cracking on concrete surface exhibits information of reinforcement situation. In the 
cracking initiation phase and the early cracking propagation phase, the corrosion cracks 
due to pitting attacks of chloride corrosion are small and independent like beam B1CL1 
at 14 years (Fig. 4). The wide crack in the central part where bending moment is higher 
shows more serious corrosion of tensile rebar in comparison with other parts of beam. 
This can be attributed to the favourable influence of mechanical loading on corrosion 
propagation. The loading caused an increase in chloride penetration and encouraged the 
initiation and development of corrosion on the tensile reinforcement because of the 
steel-concrete interface damage [19]. Afterwards, with corrosion evolution, corrosion 
cracking along the tensile rebars developed from the independent small cracks to the 
interconnected and extensive cracks along the whole beams (Fig. 5).  
 
3.2 Steel corrosion pattern evolution 
 
As the corrosion cracking in the compressive zone has no significant influence on the 
structural performance under service loading [8], only the evolution of corrosion in the 
tensile zone was discussed here. Indeed, the cracking in compressive zone can lead to a 
reduction of load-bearing capacity and also a loss of beam ductility due to compressive 
concrete spalling [18]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Distribution of corrosion along the tensile reinforcements of beam B1CL1 
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Fig. 6 and Fig. 7 show the corrosion distribution of tensile reinforcements of B1CL1 at 
14 years. The maximum cross-section reduction occurred on the back tensile rebar 
around the mid-span with about 35 mm2 of cross-section loss. Along the rebars, pitting 
attack was the predominant corrosion pattern (Fig. 7). Only in the central part, general 
corrosion could be more and less observed along corrosion cracks, whereas the localized 
pitting corrosion was still relatively predominant (Fig. 6).  
 
 
 
 
 
 
 
 
 
 
       (a) Central zone                   (b) Pitting attacks 
Fig. 7. Corrosion on the tensile steel bars of beam B1CL1 at 14 years period  
 
However, in accordance with the interconnected and wide cracks in the tension zone of 
B2CL1 after 23 years of exposure, Fig. 8 shows that corrosion has developed extensively 
along the tensile reinforcement and general corrosion was the predominant pattern. 
However, some pitting attacks were still easily distinguished within general corrosion 
zone (Fig. 9).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Distribution of corrosion along the tensile reinforcements of beam B2CL1 
Pitting attacks 
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Therefore, although localized pitting attack is the main characteristic of 
chloride-induced corrosion, the corrosion pattern gradually evolves from localized 
corrosion to general corrosion during the cracking propagation phase. The period, in 
which the localized corrosion pattern is predominant, is considered as the first stage of 
cracking propagation. It always corresponds to the small and independent corrosion 
cracking along the tensile reinforcements. On the contrary, the period, in which the 
general corrosion pattern becomes predominant, is considered as the second stage of 
cracking propagation. It always corresponds to the interconnected and wide corrosion 
cracking along the tensile reinforcements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Corrosion on the tensile steel bars of beam B2CL1 in the central zone at 23 years 
period  
 
Indeed, even in localized chloride induced corrosion environment, general corrosion 
can develop more and less along those wide cracks (Fig. 7(a)) due to the deterioration of 
the steel-concrete interface along the corrosion cracks which provides a preferential path 
for aggressive agents to reach the steel surface. In fact, corrosion distributions of 
reinforcement along large-dimension concrete elements are complex and gradually 
evolve. It is difficult to simply fix the division between the two stages of cracking 
propagation. 
 
3.3 Corrosion simulations 
 
Fig. 10 presents the evolution of the mid-span deflection measured for 9 steps of the 
corrosion simulations performed on BT1 control beam under 20 kN loading. The 
simulation results have highlighted:  
 
 
 
 
Non-corrosion steel bar 
General corrosion 
Pitting attack 
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Fig. 10. Simulation results 
 
- Local cross-section reductions along the tensile reinforcing bars have not significant 
influence on the global stiffness of the reinforced concrete beam because the resulting 
increase in steel strain was too local to affect the mid-span deflection. With four notches 
on the two tensile bars in zone E and an average cross-section reduction at mid-span 
reaching 25% exactly, the deflection increases from 1.99 mm to 2.09 mm (about 5%), 
which is insignificant in comparison with the scatters of the measure (around 0.05 mm).  
 
- The steel-concrete bond loss in the tension area is the main factor that affects the 
serviceability of the reinforced concrete beams because of the resulting loss of the 
concrete tension stiffening effect. The total bond loss in zone E (BTE2), F (BTEF2) and 
D (BTED2) induced a deflection increase of respectively 0.47 mm, 0.38 mm and 0.34 
mm. The bond loss in the area of the maximum bending moment has more influence on 
the global behaviour. The propagation of the bond loss along the whole span contributes 
significantly to an increase of the deflection. 
 
- When the beam is reinforced with several steel bars, if a part of the reinforcing bars is 
still bonded, the concrete tension stiffening is partly active. In zone E (Fig. 2), the 
removal of concrete cover around a single tensile reinforcement (BTE1) resulted in a 
15% increase of the deflection, and the loss of bond on both sides (BTE2) resulted in a 
31% total increase. 
 
3.4 Influence of corrosion on serviceability during corrosion process 
 
According to the discussions above, the corrosion process can be divided into three 
stages in terms of the evolution of corrosion pattern and its influences on the 
serviceability: 
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Before cracking initiation 
 
In this phase, localized corrosion due to chloride ingression should be the predominant 
corrosion pattern. The steel cross-section loss is lower than a critical value ∆As0 that is 
necessary to initiate the cracking of surrounding concrete. Even if the reinforcement 
corrosion within concrete can be detected by electrochemical method, there is not any 
signal on the surfaces of element. Therefore, the local steel cross-section reduction does 
not significantly influence the global stiffness of element; on the contrary, the 
steel-concrete bonding strength may slightly rise because of the increase of confinement 
between steel rebar and concrete [20-21]. As a result, the mechanical characteristics of 
elements are not affected significantly. 
 
The first stage of cracking propagation 
 
During this period, the localized corrosion patter keeps still predominant and the 
corrosion cracks due to pitting attacks are always small and independent. According to 
the simulation results, the serviceability of RC structure is not influenced directly by the 
local reduction of steel cross-section; instead it is affected by the resulting bonding 
deterioration between steel and concrete mainly because of the confinement loss due to 
corrosion cracking, especially in the central tensile zone. However, the local reduction of 
cross-section due to pitting attacks can result in a loss of load-bearing capacity and 
ductility [8-9]. 
 
The second stage of cracking propagation 
 
As corrosion develops, the wide corrosion cracks lead to more steel surface exposed to 
chloride, humidity and oxygen. General corrosion develops rapidly along the corrosion 
cracks and gradually becomes predominant. From the surfaces of RC beams, this phase 
is characterized by the interconnection of wide cracks along the whole tensile 
reinforcements (Fig. 5). During this period, the corrosion pattern on tensile rebars is 
obviously different from the pitting attacks and results in the general steel cross-section 
reduction along an extended length (Fig. 9). Thus, the serviceability of structures is 
influenced not only by the deterioration of bond strength but also by the general 
reduction of steel cross-section.  
 
4. Mechanical model of reinforced concrete during corrosion process 
 
4.1 Evolution of bond damage due to reinforcement corrosion 
 
In this paper, the linear variation of concrete and re-bar strain over the transfer length 
is adopted to model the tension stiffness effect of the tension [15]. Fig. 11 shows the 
typical strain profile in reinforcement located between two flexural cracks and the 
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variation of transfer length to take into account bonding damage. In the post-cracking 
state of reinforced concrete, all tensile stresses are concentrated on the reinforcement at 
the cracked cross-section. The transfer length (noted Lt) is the minimal bar length to 
achieve the full transfer of stresses between steel and concrete. The debonding due to 
reinforcement corrosion is takes into account by increasing the transfer length.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11. Typical reinforcement and concrete strain profile between two flexural cracks 
and the variation of transfer length to take into account bonding damage 
 
According to the intensity of corrosion, the transfer length increases from the initial 
value Lt for non-corrosion to infinity for total debonding between reinforcement and 
concrete. A scalar bond damage parameter Dc is introduced which varies from 0 (no 
corrosion) to 1 (total debonding due to corrosion). Then, the concrete tension effect 
progressively decreases when Dc increases. The new transfer length Ltcor taking into 
account the corrosion intensity is induced by: 
c
t
tcor D
L
L
−
=
1
                                      (2) 
 
The steel-concrete bonding strength deterioration after corrosion cracking can be 
attributed to the less friction resistant of corrosion oxides, the height reduction of steel 
rib, as well as the confinement loss between steel and concrete [23-24]. As corrosion 
crack widths are directly correlative with the amount of corrosion products [25-26], the 
model of the bond damage due to reinforcement corrosion has been proposed as an 
exponential function of the steel section loss ∆As [14-15]: 
0=cD              when 0ss AA ∆<∆   
n
ss
ss
c AA
AA
D 





∆−
∆−
−=
0
1  when 0ss AA ∆≥∆                  (3) 
where, ∆As0 is the section loss threshold for cracking initiation, ∆As is the section loss 
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of rebar, As is the sound steel cross-section, n is a parameter describing the quantitative 
variation of progressive debonding versus the section loss.  
 
The value of ∆As0 is calculated by using Eq. (4) and is equal to 3 mm2 for beam B [25]. 
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Where ø0 is the initial rebar diameter, α is the pit concentration factor: α=2, for 
homogeneous corrosion, 4<α<8, for localized corrosion [26], c is the concrete cover. 
 
As it is difficult to directly determine the variation of bonding damage Dc versus 
cross-section loss by measuring the concrete strain because of the number of corrosion 
cracks, the best fitted scalar damage Dc is expressed by the parameter n=5 based on the 
experimental results of failure bond strength versus corrosion by pull-out tests [14-15]. 
In fact, because most of experimental results came from the tests accelerated by 
electrical method, the doubt was kept in mind whether these corrosions could be 
representative the natural corrosion process and whether the damage parameter come 
from the failure bond stress could be used to evaluate the variation of transfer length. 
 
4.2 Assessment of the effect of the reinforcement section loss 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12. Average cross-section loss and corrosion crack width along the front tensile 
reinforcement of beam B2CL1 
 
Although the cross-section loss due to pitting attacks does not significantly influence 
the serviceability of corroded beam, the general steel cross-section loss obviously affects 
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the stiffness of structures by reducing the inertia of a macro-element. In order to take into 
account the influence of general section loss, the average cross-section loss ∆Asm is 
introduced to evaluate the steel section loss in the second stage of cracking propagation. 
As the stirrups always correspond to the locations of flexural crack and the tensile steel 
rebars in the vicinity of stirrups always have less cross-section loss (Fig. 8), the tensile 
reinforcements were divided into several portions with about 200 mm of length 
according to the locations of stirrup. The average cross-section loss ∆Asm of each portion 
can be calculated from its mass loss ∆m by Eq. (1). Fig. 12 shows the experimental 
average cross-section loss along the front tensile reinforcements of beam B2CL1.  
 
For calculating the average inertia of a non-corroded macro-element, both the variation 
of neutral axis location and the variation of steel rebar strain are assumed to be linear 
over the transfer length ranging between the value at the cracked cross-section εs and the 
one calculated before cracking εsnc (Fig. 13).  
 
 
 
 
 
 
 
Fig. 13. Macro-element hypotheses: linear variation of both neutral axis location and 
re-bar tensile strain over the transfer length. 
 
The depth of the local neutral axis are calculated by using Eq. 5 for the non-cracked 
section (y0nc) and calculated by using Eq. 6 for the cracked section (y0c). For those 
sections located in the transfer length distance from the cracked section, the position of 
neutral axis varies linearly between y0c and y0nc. 
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=               (6) 
where, b is the thickness of beam, h is the height of the section, d is the effective height 
(distance between the centre of gravity of the tensile rebar and the compression surface 
of beam), a is the total height of tensile rebar, n is the ratio of the instantaneous elastic 
modules between steel and concrete, i.e. n=Es/Eb, Asr is the residual steel cross-section, 
for a non-corroded element, Asr=As (initial steel cross-section), for a corroded element, 
Asr=As- ∆Asm.  
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Thus, the effect of steel cross-section loss is taken into account by using the residual 
section area of tensile rebar instead of the initial rebar section area. The reinforcement 
strain εs of a macro-element can be calculated by using Eq. 7 for the non-cracked section 
and calculated by using Eq. 8 for the cracked section.  
ncb
nc
snc IE
Myd )( 0−
=ε                      (7)  
cb
c
sc IE
Myd )( 0−
=ε                        (8) 
 
4.3 Evolution of the average bending inertia of a macro-finite-element during corrosion 
process 
 
The strain of steel bar εs(x) and the position of neutral axis y0(x) are used to determine 
the curvature χ(x) for a given abscissa of the macro-element. Two possibilities are taken 
into account in the calculation.  
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The average flexural curvature χm on the macro-element is calculated by 
homogenization over the length of the macro-element. 
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This average flexural curvature allows the average bending inertia Im of the 
macro-element to be determined. 
m
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Fig. 14. (a) LC (Localized Corrosion) model for a macro-element with Lt=40 mm during 
the first stage of cracking propagation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 14. (b) GC (General Corrosion) model for a macro-element with Lt=40 mm during 
the second stage of cracking propagation  
 
In conclusion, the mechanical model of reinforced concrete should be different 
depending on the corrosion pattern during the corrosion process. During the first stage of 
cracking propagation, the average bending inertia of the macro-element decreases only 
because of the loss of the concrete tension stiffening effect due to the bonding damage 
under the predominant localized corrosion pattern. Fig. 14(a) shows the variation of 
average bending inertia Im of a 200 mm-long macro-element of the B beam with a 
transfer length of 40 mm versus the steel cross-section loss due to localized corrosion 
(pitting attacks). On the same figure, the inertia at the cracked cross-section (without 
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concrete tension stiffness effect) is also plotted. The inertia of macro-element is not 
affected at the beginning while the reinforcement corrosion is inferior to a critical value 
for cracking initiation, which corresponds to the period before corrosion cracking. Then 
the average inertia reduces rapidly with the intensity of corrosion. For relatively low 
percentage of section loss, there is a large amount of bonding damage. For this type of 
beam B, when the cross-section loss reduces about 30% of the initial section value, 
almost all of bond is lost.  
 
During the second stage of cracking propagation, the general cross-section reduction in 
a macro-element due to general corrosion also influences its mechanical behaviour. The 
reduction of average bending inertia of the macro-element should be attributed to the 
coupled effect of average steel section loss and loss of bond due to general corrosion. Fig. 
14(b) shows the variation of the bending inertia of a 200 mm-long macro-element versus 
the general corrosion loss with and without the tension concrete effect. In fact, as the 
bonding strength decreases rapidly versus the cross-section loss, the average loss of steel 
cross-section becomes a most important factor which influences the serviceability of 
corroded structures under serious corrosion situation. 
 
5. Comparison between experimental results and model predictions 
 
The model of corroded reinforced concrete was validated on the corroded beams 
B1CL1 and B2CL1. The mesh of finite macro-element models were only derived from 
the flexural crack distribution of beams. The nodes correspond to the position of flexural 
cracks, loading, as well as the supports. At each side of cracking zone, a node is added at 
a distance of transfer length Lt. In the cracked zone, each macro-element depends on the 
distance between two consecutive cracks. The cracking maps and the macro-element 
mesh model of beam B1CL1 and B2CL1 are presented in Fig. 4 and Fig. 5.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 15. Comparison between experimental and theoretical results of simulation tests 
using transfer length Lt = 40 mm 
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The transfer length Lt of beam B is determined by the comparison between the 
experimental results of simulation tests performed on control beam BT and the 
theoretical calculations. The strong correlation between the measured deflections and the 
theoretical values in Fig. 15 shows that the transfer length of 40 mm is valid for beam B.  
 
As it is difficult to fix the division between the first stage and the second stage of 
cracking propagation, the theoretical deflections at mid-span of beam were respectively 
calculated using localized corrosion model and general corrosion model. The values of 
steel cross-section loss are obtained from the real corrosion distributions of tensile 
reinforcements Fig. 6 for B1CL1 and Fig. 8 for B2CL1. The comparison between the 
cracking maps and the corrosion distributions allows to take into account the corrosion 
effects in calculating the inertia of macro-elements. In the LC (localized corrosion) 
model, the damage parameter Dc of each macro-element is calculated as a function of the 
maximum section loss ∆Asl recorded at the location of the macro-element. The bending 
average inertia Im is then deduced from the length of the macro-element Lelem, the 
damage parameter Dc and the parameters of beam section by only taking into account the 
loss of bond (Fig. 14(a)). In the GC (general corrosion) model, the damage parameter Dc 
of each macro-element is determined as a function of the average section loss ∆Asm of the 
macro-element. The bending average inertia Im is then deduced by taking into account 
the coupled effect of the loss of bond Dc and average loss of steel cross-section ∆Asm (Fig. 
14(b)). When the macro-element is not located between two consecutive cracks, for 
example at either end of the beam, only the loss of section of the reinforcement reduces 
the average bending inertia. As a result, the inertia is very close to that corresponding to 
the non-corroded state. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 16. Comparison between proposed models and experimental behaviour of the 
control beam and corroded beam  
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Fig. 16 shows the comparison between the experimental behaviour and the proposed 
model of the control beam BT and corroded beams B1CL1 and B2CL1. The comparison 
illustrates that the tensile reinforcement corrosion significantly influences the 
serviceability after corrosion cracking initiation. The measured deflections at mid-span 
obtained on the corroded beams are respectively 58% for B1CL1 after 14 years of 
exposure and 83% for B2CL1 after 23 years superior to the 1.5 mm deflection of the 
control beam BT. The calculated deflection of beam B1CL1 is respectively 2.27 mm for 
the LC model and 2.03 mm for the GC model. For beam B2CL1, the calculated 
deflection is respectively 2.91 mm for the LC model and 2.88 mm for the GC model. 
Because the sustained 3-point loading was simultaneous to the corrosion process, the 
corroded beams exhibited more flexural cracks than the control beam. The coupled effect 
of sustained loading and corrosion process exhibits on two aspects: increase of cracking 
span (like B1CL1) and increase of flexural cracking density (like B2CL1). It should be 
mentioned that beams B1CL1 and B2CL1 respectively corresponded to two levels of 
loading. The sustained load was stopped after 17 years because the serious corroded 
beams were expected to be kept for more experimental researches instead of being 
broken during the corrosion process with sustained loading. In general, higher level of 
loading should lead to longer cracking zone and more corrosion. However, after 14 years 
of exposure, beam B1CL1 was chose because it was the most damaged beam with the 
highest deflection. In the central part of beam B1CL1 corresponding to the higher 
moment, the most important corrosion on the tensile rebars made the significant coupled 
influence of corrosion and sustained loading. This can explain the reason why beam 
B1CL1 had longer cracking zone than other beams even if the loading level of B1 beams 
was lower than B2 beams. In contrary, beam B2CL1 at 14 years was not so corroded in 
the central part. The corrosion of important zone mainly developed after 17 years when 
the beams were unloaded. In this case, no significant coupled effect of load and corrosion 
led to the length of cracking zone lower than B1CL1. 
 
The increase of cracking zone and the increase of flexural crack density can 
significantly influence the global stiffness of structure. Fig. 17 shows the evolution of the 
average inertia of a macro-element of beam B versus the element length with the transfer 
length Lt=40 mm. The decrease of macro-element length from 0.2 m to 0.1 m results in 
the reduction of 32.1% on the average bending inertia. For the same macro-element 
model as B1CL1, the theoretical deflection without considering the influence of 
corrosion can reach 1.94 mm, and for the same model as B2CL1, its deflection without 
corrosion reaches 1.95 mm. In comparison with 1.51 mm of theoretical result of control 
beam BT, these increases of deflection are attributed to the increase of cracking zone and 
the increase of flexural crack density. So, the influence of flexural cracks can not be 
neglected in the evolution of serviceability. 
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Fig. 17. Evolution of the average bending inertia of a macro-element versus element 
length with a transfer length Lt = 50 mm 
 
In comparison with control beam BT, the experimental deflection increase of B1CL1 is 
about 0.81 mm, whereas the calculated deflection increase was 0.76 mm predicted by LC 
model and 0.52 mm by GC model (Fig. 16). It is obvious that the prediction of LC model 
is stronger correlative to the experimental result than GC model, i.e. the LC model is 
more suitable for B1CL1. This is consistent with the discussion above that the beam 
B1CL1 is in the first stage of cracking propagation with the predominant localized 
corrosion pattern.  
 
However, for corroded beam B2CL1, its experimental deflection increase in 
comparison with BT is about 1.26 mm, whereas the calculated deflection increases are 
1.40 mm predicted by LC model and 1.37 mm by GC model (Fig. 16). The results were 
not significantly different between two models (LG model and GC model). This is 
explained that the increase part of deflection due to loss of steel cross-section in GC 
model was compensated by the deflection different due to bonding damaged between 
local section loss and average section loss, which resulted that the calculated results were 
very close. However, from the principle of model, it is obvious that the GC model is 
more reasonable than LG model for beam B2CL1. 
 
Generally, in a macro-element, its local maximum cross-section loss ∆Asl is always 
higher than the value of average cross-section loss ∆Asm (Fig. 12). Consequently, the 
bonding damage Dc in LC model, as a function of ∆Asl, is relatively higher than the one 
in GC model as a function of ∆Asm. In the first stage of cracking propagation, the pitting 
attack is the predominant corrosion pattern. The corrosion cracking due to pitting attacks 
degrades the bonding strength. Whereas, the average loss of steel cross-section ∆Asm is 
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neglected even if general corrosion may be locally exist. Therefore, the GC model may 
lead to underestimate the bonding damage and its deflection prediction is lower than the 
prediction of LC model in this stage. With the corrosion developing, general corrosion 
pattern becomes predominant in the second stage of cracking propagation, and the 
influence of steel cross-section loss becomes more and more important. Even if the 
bonding damage Dc calculated by the LC model is still higher than that one calculated by 
the GC model, the deflection prediction of the macro-element deduced by LC model is 
maybe lower for the reason that it can not take into account the influence of cross-section. 
Therefore, in this stage, especially, while the bonding strength is almost totally lost due 
to serious corrosion, the deflection predicted by LC model should be conservational.  
 
6. Conclusions  
 
This paper deals with two RC beams submitted to natural chloride corrosion in 
aggressive environment under loading. The corrosion pattern evolves from the localized 
corrosion pattern to the general corrosion pattern with the development of corrosion 
cracking. So, the cracking propagation phase should be divided into two stages in the 
terms of corrosion pattern evolution. According to the simulation results performed on a 
control beam, different mechanical models of corroded reinforced concrete were 
proposed: 
 
• LC (localized corrosion) model is for the corroded RC structure during the first 
stage of cracking propagation, in which the localized corrosion is predominant and 
the corrosion cracks are always small and independent. The mechanical behaviour 
in service of corroded beam is affected only by the steel-concrete bond damage due 
to pitting attacks. The bonding damage parameter is considered as a function of the 
local maximum cross-section loss.  
 
• GC (general corrosion) model is for the corroded RC structure during the second 
stage of cracking propagation, in which general corrosion becomes the predominant 
corrosion pattern. The corrosion cracks are interconnected and wide along the 
tensile reinforcements. The deterioration of the mechanical behaviour in service is 
attributed to the coupled effect of bonding damage and general steel cross-section 
reduction due to general corrosion.  
 
In addition, the intensity of the sustained loading has an effect on both the corrosion 
process and the stiffness reduction of the beam. The resulting increase of flexural cracks 
density and cracking zone length due to the simultaneous effects of loading and 
corrosion process is another reason that significantly degrades the stiffness of corroded 
structures by decreasing the macro-element length, then resulting in the reduction of its 
average inertia.  
 
The models proposed are validated on two corroded beams based on the 
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macro-element method and the real corrosion distribution on tensile reinforcements of 
corroded beams. The bonding damage is taken into account by increasing the transfer 
length Lt versus corrosion intensity. The comparison between experimental and 
theoretical results shows that the LG model is fitter for the corroded structures in the first 
stage of cracking propagation as the GC model can underestimate the influence of 
corrosion, whereas, in the second stage of cracking propagation, the GC model should be 
more suitable for the structures under the general corrosion pattern by taking into 
account the effect of general cross-section loss.  
 
Nevertheless, because of the complex corrosion distribution of large-dimensional RC 
element, sometimes, it is difficult to determine the corrosion pattern only according to 
the corrosion cracking maps. Both models should be used and be compared in the 
calculation.  
 
References 
 
1. Maage M., Helland S., Poulsen E., Vennesland Ø., abd Carlsen J.E., Service life 
prediction of existing concrete structures exposed to marine environment, ACI 
Materials Journal, Vol.93, No.6, November-December 1996 
2.Prezzi M., Geyskens P., Monteiro J.M.P, Reliability approach to service life prediction 
of concrete exposed to marine environments, ACI Materials Journal, Vol.93, No.6, 
November-December 1996 
3. Khatri R.P., Sirivivatnanon V., Characteristic service life for concrete exposed to 
marine environments, Cement and Concrete Research, 34(2004), 745-752 
4. Vidal T., Castel A. and François R., “Corrosion process and structural performance of 
a 17 year old reinforced concrete beam stored in chloride environment”, Cement and 
Concrete Research, 37(2007). 1551-1561 
5. Castel A., Vidal T., François R., Serviceability model of corroded reinforced concrete 
based on the CEB-FIP model code, Structural Concrete, 2007, 8, No.3 
6. Li Q.C., and Zheng J.J., Propagation of reinforcement corrosion  in concrete and its 
effects on structural deterioration, Magazine of Concrete Research, 2005, 57, No. 5, 
June, 261-271 
7. Leeming M.B., Durability of concrete in and near the sea, In Concrete in Coastal 
Structures, ALLIEN R. T. L. (Ed), Thomas Telford, London, 1998, pp.73-98 
8. Castel A., François R., and Arliguie G., “Mechanical behavior of corroded reinforced 
concrete beams—Part 1: Experimental study of corroded beams”, Materials and 
Structures, Vol.33, Nov 2000, pp 539-544 
9. Castel A., François R., and Arliguie G., “Mechanical behavior of corroded reinforced 
concrete beams—Part 2: Bond and notch effects”, Materials and Structures, Vol.33, 
Nov 2000, pp 545-551 
10. Wam A., Trilinear moment-curvature relationship for reinforced concrete beams, 
ACI Structural Journal, 1990; 87 (3):276-283 
11. Carreira J.D., Chu K, The moment-curvature relationship of reinforced concrete 
 146
members, ACI Structural Journal, 1986; 83(2):191-198 
12. El-Metwally S.E., Chen W., Load-deformation relations for reinforced concrete 
sections, ACI Structural Journal, 1989; 86(2) 
13. CEB-FIP model code. Structural concrete. Basis of design volume 2. Updated 
knowledge of the CEB-FIP model code 1990. July 1999 
14. Castel A., Vidal T., François R., Model of corroded reinforced concrete 
serviceability based on the CEB-FIP model code, Structural Concrete Journal of the 
FIB, 2007, Vol.8, No.3, pp.139-146 
15. François R., Castel A., Vidal T., A finite macro-element for corroded reinforced 
concrete, Material and Structures, volume 39: 571-584, 2006 
16. Kwak HG, Song JY Cracking analysis of RC members using polynomial strain 
distribution function. Engineering Structures, 24(4):455–468, 2002 
17. François R., Arliguie G., Reinforced concrete: correlation between cracking and 
corrosion, 1991, Proc., 2nd CANMET/ACI Int. Conf. On Durability of Concrete, 
SP126, Montreal, Canada, pp. 1221-1238 
18. Rodriguez J, Ortega LM, Casal J, Diez JM, Corrosion of reinforcement and service 
life of concrete structures, Durability of Building Material and Components, 7 (1) 
(1996) 117-126 
19. François R., Arliguie G., Durability of loaded reinforced concrete in chloride 
environment, 1994, Proc., 3nd CANMET/ACI Int. Conf. On Durability of Concrete, 
SP145-30, Nice, France, pp. 573-595 
20. Amleh L., Mirza S., Corrosion influence on bond between steel and concrete, ACI 
Struct J, 1999; 96(3): 415-23. 
21. Fu X., Chung D.D.L., Effect of corrosion on the bond between concrete and steel 
rebar, Cement and Concrete Research, Vol. 27, No.12, pp.1811-1815, 1997 
22. Ballim Y, Reid, JC (2003) Reinforcement corrosion and the deflection of RC 
beams–an experimental critique of current test methods. Cement and Concrete 
Composites, 25:625–632. 
23. Bhargava K, Ghosh A.K., Mori Y., Ramanujam S., Corrosion-induced bond strength 
degradation in reinforced concrete ― Analytical and empirical models, Nuclear 
Engineering and Design 237 (2007) 1140-1157 
24. Wang X., Liu X., Bond strength modelling for corroded reinforcements, 
Construction and Building Materials, 20 (2006), 177-186  
25. Vidal T., Castel A., François R., Analyzing crack width to predict corrosion in 
reinforced concrete, Cement and Concrete Research, 34(2004). 165-174 
26. Rodriguez J, Ortega LM, Casal J, Diez JM (1996) Assessing structural conditions of 
concrete structures with corroded reinforcements. 4th Int. Congress on concrete in the 
service of mankind, Proceedings of an International Conference, Dundee UK. 
 147
I-F – Applications des modèles nouveaux 
Dans cette partie les modèles reliant la fissuration de corrosion au niveau de 
corrosion et également la l’évolution de la perte de raideur flexionnelle en fonction 
d niveau de corrosion, sont appliqués à touts les poutres B encore existantes après 3 
années de conservation. 
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I-F – Application of new models  
 
Based on the Macro-Finite-Element method, new corrosion cracking model and 
mechanical model were applied to non-destructively predict the mechanical behaviour of 
corroded beams under service loading. All type B corroded beams, which have been 
stored in saline environment since 1984, were used. The global mechanical behaviour 
under service loading was calculated in terms of the displacement at mid-span under 
3-points flexure according to the cracking maps of beams after 14 and 23 years of 
exposure. Then, a comparison between theoretical results and experimental ones were 
performed to check the validity of the proposed model.  
 
1. Relationship linking crack width to steel cross-section loss 
 
 
As discussion previously, the corrosion pattern evolves with the corrosion 
development. In cracking initiation phase, the necessary steel cross-section loss ∆As0 due 
to localized corrosion for cracking initiation is as follows:  
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In the first stage of cracking propagation, the localized corrosion is predominant, and the 
crack width due to reinforcement corrosion is determined by the localized cross-section 
loss ∆Asl: 
)(0575.0 0ssl AAw ∆−∆=                                              (2) 
In the second stage of cracking propagation, the general corrosion becomes predominant, 
and the crack width due to reinforcement corrosion is determined by the average 
cross-section loss ∆Asm: 
164.01916.0 +∆= smAw                                                (3) 
 
2. The Modeling of the corroded beams  
 
Firstly, the displacement calculations of the corroded beam B2CL2 after 14 and 23 
years in the corrosion process are presented. The cracking maps of all other type B 
corroded beams are presented in Annex A. Fig. 1 and Fig. 2 illustrate the 
Macro-Finite-Element models of beam B2CL2 according to the cracking maps at periods 
of 14 and 23 years respectively. The nodes of the model mesh corresponded to the 
location of flexural cracks, loading, as well as the supports. At each side of cracking zone, 
a node was added at a distance of transfer length Lt.  
 
According to the mesh, the corrosion equivalent crack width corresponding to each 
macro-element location was determined. For a given macro-element, it is difficult to 
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determine its corrosion pattern based on corrosion cracking. Thus, the two situations 
were taken into account together in the calculation. According to the equivalent width of 
corrosion cracking in the macro-element, the maximum value of steel cross-section loss 
∆Asl corresponding to localized corrosion pattern was calculated by using Vidal et al 
model (Eq. (2)), whereas the relatively lower value corresponding to general corrosion 
pattern ∆Asm was calculated by using the new proposed model (Eq.(3)). As a result, the 
distribution of corrosion along the tensile reinforcements could be established. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. The finite macro-element model for corroded beam B2CL2 at 14 years 
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Lt Lt 
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Fig. 2. The Macro-Finite-Element model for corroded beam B2CL2 at 23 years 
 
Using the transfer length of beam BT (Lt = 40 mm) in all calculation of the corroded 
beam, the corrosion of reinforcement, the corrosion bond damage and the average inertia 
of a macro-element are calculated respectively for LC Model and GC Model. Table 1 and 
Table 2 show the mesh and characteristics of the macro-elements for B2CL2 at 14 and 23 
years old. The mechanical characteristics of the concrete after 14 and 23 years of 
exposure were measured by drilling cores in beams B1CL1 and B2CL1. Because of the 
same compositions of concrete and conservation condition, all corroded beams at same 
periods were considered to have the same concrete characteristics. 
12 2 1 11 10 9 8 7 6 5 4 3 14 13 
Lt Lt 
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      LC Model  GC Model 
Node X (m) Lelem (m) ∆Asl (m2) Dc Im (m4) ∆Asm (m2) Dc Im (m4) 
1 0 0.61 2.69e-5 0.325 2.921e-4 5.41e-6 0.109 2.921e-4 
2 0.61 0.08 2.42e-5 0.342 7.698e-5 3.77e-6 0.080 8.585e-5 
3 0.65 0.2 1.47e-5 0.182 1.410e-4 8.98e-7 0.020 1.539e-4 
4 0.85 0.27 2.34e-5 0.329 1.484e-4 3.51e-6 0.074 1.704e-4 
5 1.12 0.18 1.99e-5 0.260 1.261e-4 2.78e-6 0.059 1.425e-4 
6 1.3 0.2 1.73e-5 0.231 1.365e-4 1.68e-6 0.037 1.523e-4 
7 1.4 0.2 1.73e-5 0.231 1.365e-4 1.68e-6 0.037 1.523e-4 
8 1.5 0.16 1.21e-5 0.124 1.298e-4 9.71e-7 0.021 1.375e-4 
9 1.66 0.11 1.29e-5 0.148 1.018e-4 3.76e-7 0.008 1.121e-4 
10 1.77 0.23 9.46e-6 0.074 1.602e-4 1.88e-7 0.004 1.654e-4 
11 2 0.22 9.46e-6 0.074 1.570e-4 1.88e-7 0.004 1.622e-4 
12 2.22 0.08 6.85e-6 0.019 9.035e-5 0 0 9.155e-5 
13 2.26 0.54 9.46e-6 0.074 2.921e-4 1.88e-7 0.004  2.921e-4 
14 2.8               
Table 1. Mesh and characteristics of the macro elements for the beam B2CL2 at 14 
years old respectively for LC Model and GC Model 
 
   LC Model GC Model 
Node X (m) Lelem (m) ∆Asl (m4) Dc Im (m4) ∆Asm (m4) Dc Im (m4) 
1 0 0.61 9.82e-5 0.905 2.917e-4 2.60e-5 0.448 2.917e-4 
2 0.61 0.08 9.82e-5 0.822 6.939e-5 2.60e-5 0.425 6.568e-5 
3 0.65 0.2 9.99e-5 0.899 7.103e-5 2.65e-5 0.451 9.934e-5 
4 0.85 0.27 1.21e-4 0.915 6.950e-5 3.27e-5 0.516 1.033e-4 
5 1.12 0.18 1.40e-4 0.991 6.765e-5 3.85e-5 0.606 7.652e-5 
6 1.3 0.2 1.17e-4 0.970 6.758e-5 3.17e-5 0.530 8.523e-5 
7 1.4 0.2 1.17e-4 0.970 6.758e-5 3.17e-5 0.530 8.523e-5 
8 1.5 0.16 1.21e-4 0.946 6.832e-5 3.27e-5 0.529 7.702e-5 
9 1.66 0.11 1.03e-4 0.935 6.719e-5 2.75e-5 0.474 6.839e-5 
10 1.77 0.23 9.47e-5 0.921 7.023e-5 2.49e-5 0.441 1.167e-4 
11 2 0.22 8.25e-5 0.738 7.839e-5 2.13e-5 0.358 1.185e-4 
12 2.22 0.08 7.73e-5 0.733 6.880e-5 1.97e-5 0.340 6.956e-5 
13 2.26 0.54 9.82e-5 0.897 2.917e-4 2.60e-5 0.446 2.917e-4 
14 2.8               
Table 2. Mesh and characteristics of the macro elements for the beam B2CL2 at 23 
years old respectively for LC Model and GC Model 
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3. Comparison between experimental results and model predictions 
 
Fig. 3 shows the comparison between experimental results and predictions of the 
model for beam B2CL2. For B2CL2 at 14 years, the LC model gives better prediction of 
the experimental behaviour than the GC model. The prediction of GC model was lower 
about 10 % in comparison with the experimental deflection. This is consistent with the 
observations from the cracking map (Fig. 1) as the corrosion cracks along the tensile 
rebars were small and independent, which meant beam B2CL2 at 14 years old was under 
the localized corrosion pattern of the first stage of cracking propagation. For B2CL2 at 
23 years, the mid-span deflection was underestimated by GC model (2.86 mm of 
deflection in comparison with 3.26 mm for experimental result), whereas the 3.56 mm 
defection obtained with LC model was a little higher. This can be explained as, for 
B2CL2 at 23 years, the corrosion cracking distribution (Fig. 2) was obviously different 
from the one after 14 years (Fig. 1). In this case, using Vidal et al model (LC model) to 
assess the reinforcement corrosion could lead to very conservative results, which results 
in a conservative prediction (over-estimation of the deflection) even if LC model did not 
take into account the effect of general steel cross-section loss. In contrary, in the GC 
model, both bonding damage and effect of section loss were calculated based on the 
average steel cross-section reduction, which resulted in the underestimation of bonding 
damage. As a consequence, both LC model and GC model are useful in diagnosis of a 
given corroded structure. Normally, they can be used to determine the minimal and the 
maximal limit of the change in mechanical behaviour of corroded structure under service 
loading. This is further demonstrated by the comparison between the experimental and 
theoretical results of LC model and GC model of other corroded beams (Table 3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Comparison between proposed models and experimental behaviours of beam 
B2CL2 
 
0
4
8
12
16
20
0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0
Displacement at mid-span (mm)
Lo
a
d 
(kN
)
B2Cl2 - 14 years
B2CL2 - 23 years
LG model - 14 years
GC Model - 14 years
LC Model - 23 years
GC Model - 23 years
 153
 
Duration of 
exposure (years) Beam 
Experimental result 
(mm) LC Model (mm) GC Model (mm) 
B1CL1 2.31 2.27 2.03 
14 years 
B2CL2 1.88 1.87 1.71 
B1CL2 2.5 3.11 2.15 
B1CL3 2.34 2.63 2.16 
B2CL1 2.76 3.21 2.79 
B2CL2 3.26 3.56 2.86 
23 years 
B2CL3 2.82 3.32 2.26 
Table 3 Comparison of displacements at the mid-span between experimental results 
and model predictions (Lt=40mm) 
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Chapter II – Study on the influence of the steel-concrete 
interface on corrosion initiation and corrosion propagation  
 
Chapitre II – Etude du rôle de l’interface acier-béton pour la 
phase d’initiation et de propagation de la corrosion 
 
L’étude du vieillissement des Poutres BA mises en œuvre pour la thèse de Raoul 
François il y a maintenant près de 25 ans et dont le bilan des dernières années est l’objet 
de la première partie de la thèse, a fait apparaître un nombre important de paramètres 
plus ou moins couplés influençant les phases d’initiation de la propagation de la 
corrosion. Un de ces paramètres est la qualité de l’interface acier-béton qui a été mis en 
évidence de façon « fortuite » en tant qu’ « effet pervers » de la conception générale des 
expérimentations initiales. En effet, lors du montage du projet les principaux paramètres 
de conception ont été l’optimisation du nombre de poutres, du système de mise en charge 
et du système de conservation en ambiance agressive. Ainsi la mise en œuvre par 
superposition des poutres de type B avec les poutres de type A, coulée « à l’envers », a 
conduit une initiation de la corrosion sur les armatures supérieures par rapport au sens de 
coulage pour les poutres A (acier tendus) et B (acier comprimé) ; précisément pour les 
armatures présentant (entre-autres) des défauts d’interface liés à la mise en place : 
ressuage et tassement du béton. Les armatures supérieures (tendus) des poutres de type A 
cumulaient un autre défaut d’interface qui est un endommagement mécanique de la 
liaison acier tendu-béton. Cet endommagement existait également pour les armatures 
tendues des poutres de type B et l’initiation de la corrosion est apparue peu de temps 
après (environ 1 an) celle des armatures supérieures. De même la phase de propagation a 
concerné les mêmes armatures. Ainsi il est important de noter que les armatures 
comprimées ‘supérieures) des poutres A ne présentent pas d’initiation ni de propagation 
de la corrosion encore aujourd’hui. 
 
Pour mieux comprendre les interactions entre les défauts d’interface et l’initiation de la 
corrosion, une thèse [SOYLEV, 2002] avait été lancée en 1999 sur ce sujet en incluant à 
la fois les défauts d’interface dus à la mise en place du béton et les endommagements 
mécaniques de la liaison acier-béton. Dans cette thèse, la corrosion restait naturelle pour 
pouvoir conserver une comparaison possible avec le travail sur les poutres et les 
échantillons avaient un enrobage réduit pour pouvoir avoir des taux de chlorures 
important rapidement. Les défauts de mise en place ont été obtenus en faisant varier la 
hauteur de béton sous l’acier en coulant des éléments de grandes hauteurs (2m). Les 
résultats ont montrés des tendances et des corrélations intéressantes mais un autre « effet 
pervers » : la corrosion des «bords » de tous les échantillons n’a pas permis d’obtenir 
toutes les informations escomptées. Pour cette thèse, un schéma voisin a été reproduit 
mais en prenant la précaution de noyer les armatures dans le béton, c'est-à-dire sans que 
les armatures sortent de l’élément de béton. Ce montage a été rendu possible par 
l’absence d’essais d’arrachement prévu pour cette étude et par la réalisation d’une barre 
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en trois partie : tube PVC, barre d’acier, tube PVC, où ce sont donc les tubes PCV qui 
sortent du coffrage. Les résultats obtenus montrent que cette disposition expérimentale a 
été efficace.  
 
Dans cette partie sont donc présentés les 5 types d’échantillons ou d’environnement 
testés, l’analyse des défauts d’interface obtenus, le suivi de la résistance de polarisation 
en fonction du temps, le début des phase d’initiation puis de propagation le cas échéant, 
l’évolution des fissures de corrosion en fonction du temps, la comparaison entre 
ouverture de fissure et taux de corrosion avec les modèles développés dans la première 
partie de la thèse concernant les poutres, et la comparaison entre les pertes de masse 
prévues par mesures électrochimiques et celle mesurées. 
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Effect of steel-concrete interface on reinforcement corrosion 
in marine environment  
Abstract: 
 
This paper dealt with the influence of the steel-concrete interface quality and 
environmental conditions on reinforcement corrosion. High size concrete members were 
cast including horizontal rebars at different levels. The steel-concrete interface quality 
decreased with the height of rebar due to the top-bar effect. Five groups of specimen with 
two concrete covers have subjected to different exposed programs. The polarisation 
resistance measurements were performed to monitor the reinforcement corrosion during 
exposed period. The chloride contents were measured when corrosion initiated. The 
experimental results showed that the concrete cover significantly influenced corrosion 
initiation and corrosion rate by blocking the penetration of aggressive agents. The height 
of rebar affected the corrosion initiation because of the variation of concrete porosity, 
interface defects and chloride threshold. The existence of defects at the interface was 
more important than the size of defect for corrosion initiation. But the dimension of 
defects significantly influenced the evolution of corrosion cracking. The comparison of 
mass loss between measured and predicted values illustrated that the Rp measurement 
was valid to non-destructively access the reinforcement corrosion. At last, a part of 
specimens with higher corrosion cracking were broken to validate the models linking the 
steel corrosion to corrosion cracking. 
 
Key words: Chloride corrosion, Interface quality, Rp measurement, Chloride threshold 
 
1. Introduction 
 
The deterioration of reinforced concrete structures due to chloride-induced corrosion is 
a major problem all over the world. In general, the cement hydration provides a high pH 
non-aggressive environment to the embedded reinforcements by forming an insoluble 
oxide film on the surface. The oxides are thermodynamically stable in the alkaline 
environment even when chloride ions are present [1]. The presence of enough chloride 
ions leads to the local dissolution of iron and the local reduction in pH due to the 
formation of hydrochloric acid, which are necessary to establish a sustained corrosion 
process [2-4]. The quantity of chloride necessary to break the local passive film is 
defined as the chloride threshold level, which is respectively 0.5% and 0.3% by weight 
of cement for RILEM and ACI standards [5-6]. This value is generally used to forecast 
corrosion onset in reinforced concrete. But the experimental results from different 
researches reveal an important discrepancy of chloride threshold value from 0.2% to 2.5 
% [7]. 
 
A good adhesion between steel and concrete provides better protection to steel. 
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Corrosion tends to initiate at the location of the defects at steel-concrete interface as a 
result of segregation, settlement and bleeding of fresh concrete [8-11]. This is attributed 
to the absence of a lime layer on the steel which releases the hydroxyl ions to prevent the 
local PH decrease [12]. Researches carried out in the LMDC on corroded beams, 
submitted to chloride aggression and sustained loading, showed that corrosion firstly 
occurred on the reinforcements with a bad interfaced quality due to the “top-bar” effect 
or mechanical damage [9-10]. The chloride threshold seemed to be a necessary but not 
sufficient parameter to forecast precisely the embedded steel corrosion onset. For 
Mohammed et al [11-13], the early corrosion at the weaker interface under the 
horizontally oriented steel bars is due to the formation of macro-corrosion cells formed 
between the top half and the bottom half of steel bar and a significant amount of 
micro-cell corrosion over the bottom half. Also many researches have been carried out in 
order to study the correlation between the heights of rebar, the steel-concrete interface 
quality, the reinforcement corrosion, as well as the steel-concrete bond strength [14-16].  
 
In this paper, the influences of steel-concrete interface quality on reinforcement 
corrosion initiation were studied on five groups of specimens under different corrosion 
environmental conditions. Each group included ten specimens with different interface 
quality obtained by varying the height of the horizontal bars in the concrete member. The 
polarization resistance technique was used to monitor the corrosion process of embedded 
steel bars and to predict the weight loss value. The cracking evolution was monitored by 
using video microscope. Chloride contents in the concrete at the depth of rebar were 
measure when the Rp values of specimen fell. At last, in order to confirm the accuracy of 
prediction, two groups of specimens were broken to measure the real mass loss of steel 
rebar. The experimental results were also used to verify the models linking steel 
corrosion to corrosion cracking.  
 
2. Experimental program 
 
2.1 Concrete mixtures and casting conditions 
 
Table 1. Concrete compositions (kg/m3) 
Mix component   
Rolled gravel 10/14mm 839kg/m3 
Rolled gravel 4/10mm 324 kg/m3 
Sand  768 kg/m3 
Cement  375 kg/m3 
Water  176 kg/m3 
W/C  0.47 
 
Using the same concrete compositions (Table 1), five concrete walls (denoted A, B, C, 
D and E) were cast to create the steel-concrete interface defaults due to settlement and 
bleeding of fresh concrete. Each wall had ten reinforcing steel bars, which were 
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distributed with 105 mm of spacing along the 1100 mm height of the concrete wall (Fig. 
1). The lowest reinforcing rebar was at 50 mm height. Kept in 100% humid environment 
for 24 hours after casting, concrete walls were removed from the mould and cured in the 
water during 28 days. Then, the average compressive strength and the elastic modulus of 
concrete walls were measured on cylinder specimens and were 53.3 MPa and 35683 
MPa respectively at 28 days. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Concrete wall and casting direction 
 
2.2 Specimen and interface defects 
 
After 28 days, each concrete wall was sawn into 10 specimens with only one 
embedded reinforcing rebar. The specimens of groups A, B and C were with 6mm of 
concrete cover, and the groups D and E were with 15 mm of concrete cover (Fig. 2 (a)). 
The embedded reinforcing bar was composed of three parts, which were glued together 
as shown in Fig. 2(b). The central part totally within concrete is an Ø12 mm ribbed steel 
bar with 100 mm of length, and two side parts are Ø12 mm PVC pipes with 120 mm of 
length. An electrical wire was welded to the ribbed steel bar to perform the 
electrochemical measurement. Afterwards, each specimen was sawed into two parts 
respectively with 22 cm and 3 cm of length. The smaller one was used to observe the 
interface quality by using a video-microscope and to measure the porosity of concrete. 
The voids formed were located under the rebars with lower concrete cover (Fig. 2(c)). 
The two end surfaces were then coated by resin to prevent the chloride penetrating from 
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the end surfaces (Fig. 2(c)). This structure ensured that the steel part of the rebar was 
totally embedded in the concrete and its corrosion would be only due to the chloride 
penetrating through the concrete cover. 
 
 
 
 
 
 
 
 
 
                   (a) Specimen after sawing        
 
 
 
 
 
 
 
 
 
                 (b) PVC-steel bar setup 
 
 
 
  
 
 
 
 
  
 
 
 
 
(c) Interface defect observed by using a video-microscope with an enlargement of ×25 
Fig. 2. Specimen and interface defect 
 
2.3 Conservation conditions  
 
Five groups of specimen respectively followed three exposition programs.  
- Group A (6 mm of concrete cover): At first, all specimens were immersed into water 
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to saturate the concrete. Then, they were all the time stored in a salt solution with a 
concentration of 35 g/L of NaCL (same as the sea water). Therefore, chlorides ion 
penetrated into concrete due to pure diffusion process.  
- Group B (6 mm of concrete cover) and group D (15 mm of concrete cover): 
Specimens were completely dried up in a oven at 50oC for four months at least. The 
evolution of the specimen weights was monitored to ensure the dryness of specimen. 
Then, the specimens were immersed in the salt solution (with the same chloride 
concentration as above). Due to effect of capillary suction, chloride ions penetrated 
immediately into concrete. The aim is to reduce initiation period to the greatest extent. 
The total chloride content in the concrete was measured and the specimens submitted to 
the wet/dry cycles (wetting in salt solution for one week and drying in laboratory 
condition for two weeks) during the whole corrosion process.  
- Group C (6 mm of concrete cover) and group E (15 mm of concrete cover): The first 
part of the exposition program was as the same as group A, i.e. immersing in salt solution 
until 20 weeks. Then, groups C and E were subjected to wet/dry cycles to accelerate the 
corrosion activity as for groups B and D. So, the environmental influence on corrosion 
could be studied.  
 
2.4 Experimental methods 
 
2.4.1 Video-microscope  
 
Steel-concrete interface was analysed by using a video-microscope with an 
enlargement of 25× times. The interface quality can be characterised in terms of two 
quantificational parameters: the maximum width of void and the unbonding length of 
defect (Fig. 2(c)). It was noted that the location of the maximum width sometimes may 
not be located vertically under the bar.  
 
2.4.2 Monitoring of the corrosion process 
 
The polarization resistance (Rp) method is a very popular and effective non-destructive 
technique for the evaluation of corrosion in reinforced concrete structures. In this paper, 
polarization resistance (Rp) of specimen was measured by a Potentiostat PGZ100 
conducting a linear polarization scan in the range of ± 20 mV of the corrosion potential. 
The scan rate is 0.1 mV/s.  
 
Polarization resistance (Rp) can be correlative to the corrosion current (Icorr) by the 
Stern-Geary equation [17-19] as Eq. (1):  
( ) pcap
ca
corr R
B
R
I =
+××
×
= ββ
ββ
3.2
              (1) 
Where, βa and βc are anodic and cathodic Tafel constants, respectively. To simplify the 
calculation, a constant value B was adopted by some researchers [20-23]. The value of B 
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is assumed to be 25 mV for the active corrosion state and 50 mV for the passive state. 
The corrosion of steel bar in concrete is assumed uniformly over the area of 
reinforcement polarized. The corrosion current density (icorr), which is always used to 
represent the corrosion rate, can be calculated by Eq. (2).  
AIi corrcorr /=                            (2) 
Where, A is the surface area of the steel polarized.  
 
The corrosion current density (icorr) provides the instantaneous corrosion activity but 
not the corrosion state of the steel at the time of the measure. Typical values for 
classifying the corrosion level are given in Table 2 [21, 24]. In general, there is a fairly 
rapid change from an inactive situation (high Rp) to a significant level of corrosion rate 
(low Rp). This transition is usually associated with the depassivation of the steel bar, 
which means the beginning of the corrosion propagation period.  
 
Table 2. Correlation between Rp, icorr and corrosion activity 
Corrosion rate Polarization 
resistance Rp 
(kΩ·cm2) 
Corrosion current 
density icorr 
(µA/cm2) 
Corrosion description 
Passive > 250 Up to 0.2 Corrosion rate is negligible 
and the steel is in passive 
Low/moderate 250 ~ 25 0.2 ~ 1 Corrosion has initiated and is 
proceeding at a moderate rate 
High 25 ~2.5 1 ~ 10 High rate of corrosion 
Very high < 2.5  > 10 Very high rate of corrosion 
 
For all five groups of specimen, the measurement was performed one times a week 
while immersing in the salt solution and one times all the three weeks at the end of each 
wetting cycle during wet/dry cycle period. At the same time, the corrosion cracking 
development was monitored by periodically measuring the crack width by using the 
video-microscope with a magnification of ×175. When the width of corrosion cracks 
reaches a certain value, the specimens were broken to observe the corrosion pattern of 
reinforcement and assess the real corrosion state of reinforcing rebar. Then, the 
correlation between steel bar corrosion and crack width was obtained. 
 
2.4.3 Measure of chloride content  
 
The total chloride content at various times of exposure was assessed using a profile 
Grinder GERMANN INSTs at different periods. This method consists of extracting fine 
concrete powder (< 80 µm) from the smaller concrete cover surface of specimen over a 
diameter disk of 30 mm (about three times the size of the largest aggregate) to obtain 
representative quantity of powder (about 4 g). The samples were always taken near one 
side of specimen corresponding to the location of PVC pipe until the depth of reinforcing 
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rebar (Fig. 3), i.e. 6 mm for groups A, B and C and 15 mm for groups D and E. Then, the 
holes, consequences of the concrete powder sampling, were coated by using a resin 
before to return to the ageing process. Nitric acid is used to extract total chloride whose 
quantity is determined by potentiometric titration using AgNO3, and reported as a 
percentage per mass of cement.  
 
 
 
 
 
 
 
Fig. 3. Location of concrete powder sampling 
 
2.4.4 Corrosion assessment  
 
Corrosion of steel bars was assessed by theoretical calculation and experimental 
method after the specimens have been broken. For the experimental method, the mass 
loss of steel bar was evaluated by measure the residual mass after the complete removal 
of the corrosion products (using Clark's solution ANSI/ASTM G1-72). Meanwhile, by 
measuring the Rp value at regular intervals over a period of time, it is possible to 
theoretically calculate the total mass of steel lost via the corrosion current density icorr 
[24]. 
 
3. Experimental results and discussion 
 
3.1. Effect of height on concrete porosity  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Porosity of specimens in Group D and Group E versus the height of rebar  
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height of rebar. The porosity respectively changes from the minimum value of 11.2% for 
specimen D02 to the maximum one of 14.3% for D07 in group D and from the minimum 
value of 10.6% for E02 to the maximum one of 13.4% for E10 in group E. This can be 
attributed to the higher bleeding capacity of concrete (w/c ratio 0.47) along the vertical 
height [25-26]. At the bottom of the walls (two lowest specimens), there was always a 
denser zone of concrete because of the effect of concrete settltment. The specimen of 
group D had a little higher porosity in comparison with the one in group E at the same 
height. It can be explained that the concrete walls were cast at different times. The 
porosity can influence the penetration of chloride and strength class of concrete. For 
groups A, B and C, the porosity had not been measured. 
 
3.2. Interface quality versus height of rebar 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5(a) Width of void versus height of rebar for the five groups of specimen 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5(b) Unbonding length versus height of rebar for the five groups of specimen 
 
The interface defects under the reinforcing rebar observed by a video-microscope 
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defect respectively reached 0.81 mm of specimen A09, 0.67 mm of B07, 0.70 mm for 
C10, 0.66 mm of D08, as well as 0.49 mm of E08 in the five groups (Fig. 5(a)). All two 
lowest specimens, whom rebars located at 50 mm and 155 mm of height, exhibited 
almost perfect interface quality because the concrete was denser near the bottom of the 
wall. This is consistent with the observation of visible defects only over a height of 250 
mm for C40 by Söylev and François [14]. Afterwards, the width of void slightly 
increased versus the rebar’s height, which was consistent with the increase of bleeding 
capacity. However, for two highest rebars located superior to 800 mm of height, the 
widths showed a slight fluctuation. Other researchers have observed the similar 
phenomenon [14, 27].  
 
The unbonding length around the rebar also increases similarly along the height (Fig. 
5(b)). Two lowest specimens in the first zone had a perfect interface with unbonding 
length equal to zero. Then, the length increased rapidly between 200 mm to 400 mm of 
height. Afterwards, the length of unbonding under the rebars located superior to 400 mm 
exhibited a relatively slow increase up to 60% of the rebar perimeter. Namely, among 
those specimens superior to 400 mm of height, the main difference of interface quality 
was the width of defects and not the unbonding length. 
 
It should be mentioned that the void under the horizontal rebar is not uniform along the 
rebar. The measurement of defects at a section near the side of specimen can only exhibit 
the tendency of variation of the voids versus height of reinforcement. 
 
3.3. Cracks due to drying process 
 
 
 
 
 
 
 
 
 
 
 
             (a)                                  (b) 
Fig. 6 Tiny crack along reinforcing rebars on the specimens of groups B and D after 
immersion  
 
After complete drying, the specimens of groups B and D were immersed immediately 
in salt water. Tiny cracks (inferior to 10 µm of width) had been found in the vicinity of 
reinforcing rebar (Fig. 6) of all specimens at one time regardless of the covercrete and 
the height of rebar when the specimens were observed at the first time with the 
Tiny crack 
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video-microscope (×175 times). But it is difficult to accurately measure their width 
because the crack width is smaller than the minimal value accessible with 
videomicroscope (i.e. 10 µm). The first observation was carried out respectively after 4 
wet/dry cycles for group B and after 2 cycles for group D. It is evident that this cracking 
was not due to steel corrosion. These cracks are certainly due to the concrete shrinkage 
resulting from the initial drying process. Then, these cracks must be quite superficial. 
Moreover, according to [30], if crack widths are inferior to 30 µm, they do not affect the 
chloride diffusion through the concrete cover. The research of Li [31] proposed that the 
initial cracks inferior to 0.1 mm width did not influence the chloride penetration in 
concrete. This is because of the self-healing effect of concrete cracks, which is a 
phenomenon due to the rust entering and filling the gaps of cracking or due to the 
continued hydration of cement. Thus, the tiny cracks observed here can not be connected 
to any early corrosion onset as their widths are inferior to 10 µm.  
 
3.4. Rp evolution versus time 
 
Fig. 7 shows the Rp values of all five groups versus time. For clear display, only six 
specimens per group were presented in each figure. Samples 01 and 02 were always 
displayed because they both showed no interface defects in each group. For groups A, B 
and C, no distinguish corrosion initiation period was observed due to the small concrete 
cover of 6 mm, because all Rp values, except that of the specimen A01, have fallen in 1 
to 4 weeks period regardless of the exposed programs (Fig. 7(a) ~ 7(c)). Rp of A01 kept 
at a higher level (superior to 250 kΩ·cm2) thank to the protection of better interface 
quality until 18 weeks. This means that the steel bar was passivate during this period. 
Then, the Rp values of group A (always in salt water) were stable at a range of 40~90 
kΩ·cm2 (Fig. 7(a)), which corresponded to the low/moderate corrosion rate. Whereas, for 
group B (completely drying followed by wet/dry cycles), all Rp values were lower than 
80 kΩ·cm2 at the first week and, after 3 cycles, were inferior to 25 kΩ·cm2 (Fig. 7(b)), 
which meant the high corrosion rate in concrete. For group C (immersion in salt water 20 
weeks followed by wet/dry cycles), at the beginning, the variation tendency of Rp was 
similar to the group A. Then, the Rp values gradually decreased because of the wet/dry 
cycles (Fig. 7(c)).  
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Fig. 7 (a) Rp of Group A (concrete cover 6 mm) versus time 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 (b) Rp of Group B (concrete cover 6 mm) versus time 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 (c) Rp of Group C (concrete cover 6 mm) versus time 
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On the contrary, for the group E with a concrete cover of 15 mm, the corrosion 
initiation period was distinct (Fig. 7(d)). It can be attributed to the effect of concrete 
cover which prolonged the duration of the chloride penetration to the steel bar. The low 
corrosion initiation period of group D can be explained by its exposition program 
(complete drying followed by wet/dry cycles). This led to immediate chloride ingress at 
the depth of rebar after immersion (discussed in section 3.5). For Group E, all Rp values 
kept constant at a high level during 2 months (Fig. 7(e)), which illustrated that the 
reinforcing bars were passivated. Then, a sharp decrease of Rp firstly occurred on the 
specimen E03 after 9 weeks of exposure, afterward on other specimens with bad 
interface quality during the following several weeks. After some fluctuations, all Rp of 
the specimens E03 ~ E010 were inferior to 250 kΩ·cm2 at the end of immersion (20 
weeks). The two lowest specimens did not show any corrosion onset during immersion 
period. The wet/dry cycles accelerated the corrosion process. Rp of specimen E02 
descended at 29 weeks after 3 cycles, and then that of E01 after 35 weeks.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 (d) Rp of Group D (concrete cover 15 mm) versus time 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 (e) Rp of Group E (concrete cover 15 mm) versus time  
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The comparison of the five groups versus height of rebar is shown in Fig. 8. After 13 
or 14 weeks of exposure, the Rp values of group E were far higher than those of other 
groups (Fig. 8(a)). Two lowest specimens E01 and E02 had the highest Rp due to the 
protection of better interface quality, whereas the next two specimens E03 and E04 had 
the lowest values in group E. Associated with Rp evolution versus time (Fig. 7(e)), it can 
be seen that the sharp fall of Rp, which meant the breakdown of passive film on steel bar 
and the onset of corrosion, firstly occurred on specimen E03 after 9 weeks, on E04 after 
13 weeks, on E06 and E09 after 15 weeks, then on E05, E07, E08 and E10 after 17 
weeks. As the interface defect is a function of the height of rebar, it could be concluded 
that the corrosion initiation of steel bar is more sensitive to the presence of interface 
defects than to the size of defects. Chloride-induced corrosion tends to firstly occur at the 
locations of local voids. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8(a) Comparisons of Rp versus height in five groups after 13 or 14 weeks of 
exposure 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8(b) Comparisons of Rp versus height in five groups after 32, 38 or 39 weeks of 
exposure 
 
0
100
200
300
400
500
600
700
0 200 400 600 800 1000 1200
Height of rebar (mm)
Rp
 
(kΩ
·c
m
2 )
Group A-13 weeks
Group B-14 weeks
Group C-13 weeks
Group D-13 weeks
Group E-14 weeks
0
100
200
300
400
500
600
700
0 200 400 600 800 1000 1200
Height of rebar (mm)
R
p 
(kΩ
·c
m
2 )
Group A-39 weeks
Group B-39 weeks
Group C-39 weeks
Group D-32 weeks
Group E-38 weeks
 170
Fig. 8(b) presents that the Rp values of the five groups after 32, 38 or 39 weeks of 
exposure were less than those after 13 or 14 weeks. At this moment, all Rp values were 
inferior to 250 kΩ·cm2, which meant the reinforcement corrosion has onset. It is clear 
that the corrosion rate of group A was lower than that of other groups as the Rp value was 
inversely proportional to the corrosion current density. In practice, the essential processes 
in a corrosion cell include an anodic reaction (metal dissolution), a cathodic reaction 
(typically oxygen reduction), the motion of electrons through the metal between the 
anodic and cathodic sites and the motion of ions through the environment between these 
sites. The corrosion rate can be controlled by anodic control, cathodic control and 
resistive control according to the controlling mechanisms, which depend on the exposure 
conditions [4, 28]. In submerged environment as group A, the specimens were under 
cathodic control because access to oxygen was severely restricted by its low 
concentration in solution and the slow transport rate through water-saturated concrete. 
Therefore, the group A had a stable and relatively slow corrosion rate compared with 
other groups.  
 
In addition of exposure condition, the concrete cover is another influencing factor of 
corrosion rate of embedded rebar. After 13 or 14 weeks of exposure, groups A, C and E 
were still in the immersion period (Fig. 8(a)). The Rp values of Groups A and C were 
similar due to the same covercrete (6 mm) and were much lower that the ones of group E 
with the covercrete of 15 mm. The comparison between group C and group E (Fig. 8(b)) 
also shows the higher Rp values of specimens with the thicker concrete cover. This is 
attributed to the higher resistance of concrete cover of group E. However, for groups B 
and D subjected to the same exposure program, the influence of concrete cover was not 
as significant as groups C and E. The Rp values of groups B and D were close after 5-6 
wet/dry cycles. It can be attributed to the effect of exposure program.  
 
3.5. Chloride threshold and corrosion initiation  
 
As the Rp values of group B and D were inferior to the critical value of corrosion 
initiation (250 kΩ·cm2 in Table·2) at the beginning, the chloride contents at the depth of 
steel bar were measured respectively on the lowest and the highest specimens after one 
day of immersion (Fig. 9(a)). All the total chloride contents have already exceeded 0.5% 
and 0.3% by weight of cement of the RILEM and ACI threshold values. It is due to the 
instantaneous capillary suction of water with chloride as the samples were completely 
dried. The lower chloride contents of group D compared with group B can be attributed 
to the effect of higher concrete cover. Moreover, the specimen located at the top of 
concrete wall always had higher chloride concentration than the one located at the 
bottom part of wall because of the higher porosity or different porosity in terms of 
capillary pores (Fig. 4).  
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Fig. 9(a) Total chloride contents of specimens in group B and D at steel bar depth 
after one day of immersion  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9(b) Total chloride contents of two specimens in group A at steel bar depth (6 
mm) after 15 weeks of immersion  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9(c) Chloride profiles of specimens in group E versus depth during 
experimental process 
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The chloride contents in group A have been measured on the lowest and the highest 
specimens after 15 weeks of immersion (Fig. 9(b)). The total chloride contents at the 
depth of steel bar (6 mm) have reached respectively 2% for A01 and 2.8% for A10, 
which approached to the saturated values in concrete. The maximum total chloride 
content in concrete is the summation of free chloride, which is calculated by porosity of 
concrete and the chloride concentration of saline water, and the bonded chloride, which 
depends on the binding ability between concrete and chloride ions [10]. Associated with 
Rp measurement results, it can be found that, even if the chloride concentration was very 
high for group A, the corrosion rate controlled by the cathodic reaction was very low.  
 
Fig. 9(c) presents the chloride profiles of group E during the experimental process. 
After 3 week of immersion in salt water, the chloride profile of E10, which corresponded 
to the maximum chloride concentration in group E because of its highest porosity, shows 
that the chloride content at the depth of steel bar (15 mm) was inferior to 0.1%. As a 
result, all the Rp values of group E kept at a very high level, which illustrated that no 
corrosion occurred. Other curves of specimens E03, E06 and E01 were respectively 
measured soon after their Rp values decreased, which were considered as the beginning 
of depassivation of the steel bar. The figure shows that all chloride contents were already 
superior to 0.5% of the critical chloride values.  
 
A direct relationship between the chloride threshold level and the presence of voids at 
the steel-concrete interface has been obtained in laboratory condition by Glass and 
Reddy [29]. It is reported that the chloride threshold may be 0.2% by weight of cement 
for significant voids at the steel, whereas up to 2 % while the percentage voids decreases 
below 0.5%. Nevertheless, for the specimens of group E in this paper, corrosion firstly 
occurred on E03 with about 0.5% of chloride threshold level. Other specimens with 
worse interface quality were corroded at a later time. It is obvious that they had a little 
higher chloride threshold level than E03, for example, corrosion occurred at 15 weeks for 
E06 with about 1% of chloride threshold level. For the specimen E01, which had a nearly 
perfect interface, the measured chloride contents were about 0.8% by the weight of 
cement while corrosion initiated. 
 
The measurement of chloride contents is a very useful method to predict the 
depassivation and corrosion onset of steel bar in concrete. But it is not exactly correlative 
with the corrosion rate, which mainly depends on the exposure condition and control 
mechanism.  
 
3.6. Corrosion cracking evolution 
 
No cracking has been observed on specimens of group A after two years of exposure 
and for group E after 48 weeks. The cracks due to drying process for group D kept 
inferior to 15 µm except that the crack width of specimen D01, which reached 40 µm. 
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Therefore, the cracking progress due to steel corrosion versus the time of exposure 
showed in Fig. 10 is only for group B and group C. It should be mentioned that the 
cracks for group B, which occurred at the beginning of exposure, were not the corrosion 
cracks. So, the crack widths at the origin in Fig. 10(a) are equal to zero because they 
correspond to corrosion cracks. For the group C, all the cracks were the corrosion cracks 
due to steel corrosion.  
 
After 85 weeks of exposure, the maximum width of corrosion crack for group B 
reached 1020 µm of B04 and the minimum one was 350 µm of B06 (Fig. 10(a)). 
Corrosion cracks of the specimens at lower position of the concrete wall progressed 
faster than those located at higher position. This can be explained by the voids due to 
settlement under the higher rebars, which were bigger than the ones under lower rebars, 
and voids played like a buffer to delay the stress pressure. This meant that more 
corrosion products were needed to fill up the voids and they reduced the pressure. All Rp 
values of group B were very low and very close (Fig. 8), which lead to the rapid 
development of corrosion cracking. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10(a) Corrosion cracking evolution versus time for group B 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10(b) Corrosion cracking evolution versus time for group C 
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For group C after 105 weeks of exposure, the maximum crack was 217 µm for C05 
and the minimum one was 25 µm for C01 (Fig. 10(b)). In opposition to group B, for the 
specimens of group C, the corrosion cracking was firstly observed via video microscope 
(×175 times) after 43 to 49 weeks of exposure (7 to 9 wet/dry cycles). Corrosion cracks 
of the specimens located at the bottom of wall progressed more slowly than those located 
at higher position (Fig. 10(b)). This is attributed to the intact covercrete and the better 
interface quality of the lowest specimens, which protected the embedded rebar by 
delaying the corrosion onset and diminish the corrosion rate.  
 
Comparison between group B and group C shows that the corrosion cracks on the 
specimens of group B (Fig. 10(a)) developed faster than those of group C (Fig. 10(b)). 
This is attributed to the effect of environmental condition. As a large number of oxygen 
was trapped in the concrete for specimens of group B due to the drying process before 
the cycles, the corrosion rate for the specimens of group B was far higher than for the 
specimens of group C, which were saturated due to the initial immersion. This resulted in 
the difference of corrosion cracking development between the two groups. In addition, 
the tiny cracks due to drying for group B could influence the cracking development due 
to the deterioration of concrete cover because, as observed by the video microscope, all 
the corrosion cracks of group B developed from these existing tiny cracks. For the 
existing tiny cracks almost traversed all the specimen length (Fig. 6), the volumes of 
corrosion products necessary to initiate the corrosion crack for group B could be lower 
than that ones for the intact covercrete of group C. 
 
3.7. Reinforcement corrosion distribution 
 
In group A, no corrosion crack was found on the surfaces of specimen. On the steel bar 
of specimen A06 located at 575 mm of height (Fig. 11), only a little stain of rust could be 
observed on the bottom surface at the left side. The specimens of groups D and E 
(concrete cover of 15 mm) were also kept to continue the experiment because no 
indication of corrosion was observed on the surfaces of specimens after 52 weeks (group 
E) and 32 weeks (group D). However, for specimens of groups B and C, the traces of rust 
and corrosion cracks were visibly observed. So, only the specimens of groups B and C 
were broken at different periods to observe the corrosion distribution and the mass loss 
measurement was performed. 
 
 
 
 
 
 
 
Fig. 11. Specimen A06 no cracks after 105 weeks 
Top surface 
Bottom surface 
575 mm of rebar’s height 
Stain 
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For the specimens which were broken after a relatively short period (Fig. 12), for 
example the specimen B03 and B07 after 15 weeks in group B or C07 after 36 weeks in 
group C, corrosion always occurred on a part of the bottom steel surface, which 
corresponded to the bad quality interface (Fig. 2). Some small pitting attacks could be 
observed after the rebars were cleaned up (Fig. 12).  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12 Specimen B07 after 15 weeks of exposure 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13 Comparison of reinforcement corrosion between groups B (after 85 weeks) 
and group C (after 105 weeks)  
 
After a long period of exposure, significant corrosion was observed on the bottom half 
of reinforcements of groups B and C (Fig. 13). In agreement with the low Rp values 
measured, the steel bars of group B exhibited more corrosion than group C even if the 
specimens of group B have been exposed for a shorter period. On the rebars taken from 
specimens of group B after 85 weeks of exposure, corrosion occurred all along the rebars 
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due to the wide corrosion cracks, which was close to general corrosion pattern. In group 
C, corrosion only can be observed on the half surface with bad interface quality after 2 
years of exposure. Especially, for the specimen C01, only a pitting attack was found on 
the bottom surface of steel bar. The slightest corrosion among all the specimens in group 
C illustrates the protection effect of better interface quality. It can be seen that the 
specimens with higher position tended to have general corrosion due to the presence of 
void all along the rebar. The detailed information of rebars for groups B and C are 
presented in Table 3, including cracking width when the specimen was broken, exposure 
period, measured mass loss. 
 
Table 3. Comparison of steel mass loss between measured results and predicted values 
Specimen Crack width  
(mm) 
Time 
(week) 
Measured 
∆mreal (g) 
Predicted 
∆m (g) 
Ratio ∆m/∆mreal 
B10* 0.55 85 1.53 2.58 1.68 
B09 0.12 27 1.08 0.64 0.59 
B08 0.64 85 4.98 4.78 0.96 
B07 0.06 15 0.10 0.19 1.99 
B06 0.35 85 4.00 4.88 1.22 
B05 0.81 85 5.67 6.35 1.12 
B04 1.02 85 4.44 6.43 1.45 
B03 0.04 15 0.22 0.37 1.15 
B02 0.55 48 2.28 2.53 1.11 
B01 0.67 85 3.07 3.17 1.03 
C10 0.17 105 3.60 2.84 0.79 
C09 0 45 1.4 0.31 0.22 
C08 0.13 105 3.60 2.40 0.67 
C07 0 36 0.54 0.14 0.27 
C06 0.09 105 3.24 2.04 0.63 
C05 0.22 105 3.01 2.38 0.79 
C04 0.04 105 2.95 2.28 0.77 
C03 0.05 66 1.96 1.19 0.61 
C02 0.01 45 0.38 0.45 1.18 
C01 0.03 105 0.61 0.58 0.96 
 
In group B (Table 3), the specimen B10 had the slightest corrosion among the 
specimens, which experienced 85 weeks of exposure. This is because that the resin 
flowed into the steel-concrete interface due to the widest defects when its two end faces 
were resined in the preparations. The formed resin layer between steel and surrounding 
concrete led to the crevice corrosion, which was different from other specimens. When 
the specimen was broken, a resin layer was observed.  
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3.8. Assessment of steel mass loss 
 
By means of Faraday’s law, steel corrosion can be calculated from the corrosion 
current density:  
zW
m
F
tAi
m
corr
/
∆
=
⋅⋅
                               (3) 
Where, icorr is the corrosion current density in µA·cm2; A is the steel area polarized in 
cm2; t is time in s; F is the Faraday’s constant (96500 C/mol); ∆m is the mass loss of 
steel bar due to corrosion in g; Wm is the gram atomic weight (55.85 g/mol for iron); z is 
the number of electrons transferred per atom (e.g. 2 for Fe → Fe2+ + 2e-). 
 
For these experiments, the length of the steel bar was similar to that of the auxiliary 
electrode and hence it was assumed that the whole surface area of steel bar was polarized. 
According to the Rp evolution versus time (Fig. 7), the corrosion current density over the 
duration of the exposure can be determined by Eq. (1) and Eq. (2). Then, the theoretical 
values of steel mass loss were predicted by Eq. (3) with z = 2. The comparison between 
measured mass loss and predicted mass loss by Rp is presented in Table 3.  
 
Analysis of the measured mass loss of rebar and the calculated results from Rp 
measurement illustrates that the results of both methods exhibit a good correlation (Fig. 
14). For the specimens of group B with higher corrosion, the data points lie below the 
line of equality, i.e. the calculated method from Rp measurement gives an overestimate of 
mass loss of rebar. On the contrary, the data points of group C with lower corrosion 
always lie above the line.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 14 Ratio of predicted mass loss and measured mass loss 
 
The Rp measurements of steel in concrete normally fluctuate with time as the 
chloride-induced corrosion is a dynamic process, especially subjected to a wet/dry cycle. 
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Another factor that may induce the deviation between the experimental and predicted 
results from Rp measurement is the solution resistance of concrete, which is the electrical 
resistance of concrete cover between reinforcing rebar and the surface of specimen. 
Normally, this resistance is small for the saturated concrete. But, when evaluating the 
corrosion rate of steel in concrete, it should be subtracted from the Rp value measured on 
the surface of concrete [21, 24]. In addition, the compositions of rust also affect the 
precise of theoretical mass loss because not all the iron ions have a valence of 2 in 
corrosion products.  
 
As the environment has significant influences on the rate of corrosion, the time in the 
wet/dry cycle process corresponding to the corrosion rate measurements can have a 
pronounced effect on the accuracy of the calculation. It is supposed [19, 22] that the 
monitoring should be conducted at random time during the cycle rather than a fixed point 
to obtain a reliable measure of the mean corrosion rate.  
 
3.9. Comparison between the experimental results and models linking steel corrosion to 
corrosion cracking 
 
In the cracking initiation period, corrosion products have to firstly fill in the local 
pores and deposit at the steel-concrete interface before to generate the radial pressure on 
surrounding concrete. The steel cross-section loss ∆As0 due to localized corrosion 
necessary for cracking initiation is calculated by using Eq. (4) [23]: 
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where, ∆As0 is the steel cross-section loss for cracking initiation (mm2), As is the sound 
steel cross-section (mm2), ø0 is the initial reinforcement diameter (mm), c is the 
covercrete (mm), α is the pit penetration parameter: α=2, for homogeneous corrosion, 
4<α<8, for localized corrosion. For the specimens of groups B and C (6 mm covercrete), 
the cross-section loss for cracking initiation ∆As0 is about 1.83 mm2 calculated using Eq. 
(4). 
 
During the cracking propagation phase, the crack width is directly linked to the volume 
of oxides, which is proportional to the steel cross-section loss. Because the reinforcement 
corrosion develops from localised corrosion to general corrosion, different models were 
proposed for the two corrosion pattern. Under the localised corrosion pattern, a linear 
relationship linking the local reinforcement cross-section loss ∆As to the crack width w 
was proposed by Vidal et al [23]:  
)(0575.0 0ss AAw ∆−∆=                                             (5) 
Under the general corrosion pattern, a linear relationship linking the average 
reinforcement cross-section loss ∆Asm to the crack width was proposed in this thesis as 
Eq. (6):  
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164.01916.0 +∆= smAw                                             (6) 
 
For the specimens in group B after a long period of exposure, corrosion occurred all 
along the rebar (Fig. 13) because of wide corrosion cracks. It is evident that the general 
corrosion was predominant even if some small pittings were also existed. The model for 
general corrosion pattern (Eq. 6) was used to compare with the experimental results of 
group B. The average cross-section loss ∆Asm was calculated according to the measured 
mass loss of steel bar by using Eq. (7).  
310⋅∆=∆
L
mAsm ρ
                                                  (7) 
Where ∆m is the measured mass loss of rebar (g), ρ is the density of iron (g/cm3), L is the 
length of rebar (mm).  
The comparison of group B between the experimental results and the model (Fig. 15(a)) 
shows that the experimental points were located in three zones. The first zone includes 
three specimens B03, B07 and B09, which were broken respectively after 15 or 27 weeks 
of exposure. Corrosion occurred on a part of steel surface, on which some small pitting 
attacks could be observed (Fig. 12). At that time, the crack widths of specimens were 
very small and could interact with the tiny cracks due to drying process. Pitting attacks 
was the main corrosion pattern (Fig. 12), then, resulted match better with the LC model. 
The point of B09 had a relatively high corrosion with low crack width because of the 
effect of void. The second zone, which is closer to the model line, includes four 
specimens B01, B02, B04 and B10. As the void of specimen B10 was filled up by the 
resin in the preparations, all the specimens in this zone have low voids under steel bars. 
As a result, the experimental results were close to the predictions of model. For the three 
specimens in the third zone including B05, B06 and B08, the model obviously 
underestimates the steel corrosion due to the effect of void because the corrosion 
products should firstly filled up the voids and the buffering effect of voids before causing 
the cracking evolution. 
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Fig. 15(a) Comparison of group B between the experimental results and general 
corrosion model linking steel corrosion to corrosion cracking 
 
However, for the specimens in group C, their corrosion crack widths were very small 
after a long period of exposure. Therefore, the model for localized corrosion (Eq. 5) was 
used to compare with the experimental results (Fig. 15(b)). The local cross-section loss 
was the maximum value measured along the steel rebar corresponding to the pitting 
attacks. In the Fig. 15(b), the three points in the circle correspond to C01, C02 and C03, 
which had better interface quality. The experimental results are close to the predictions of 
the model. The other points show relatively significant scatter, which is attributed to the 
influence of interface quality. These experimental points lie below the model line 
because of the existing voids due to the settlement of concrete.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 15(b) Comparison of group C between the experimental results and localized 
corrosion model linking steel corrosion to corrosion cracking 
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4. Conclusions 
 
Based on five groups of specimen (with two concrete covers) submitted to different 
exposed programs, the influences of interface defects on reinforcement corrosion and 
corrosion cracking have been studied. It can be concluded that the height of rebar affects 
the rebar corrosion in terms of:  
• The influence of chloride penetration due to concrete porosity variation. The specimen 
located at higher position always has higher porosity, which results in a faster access 
of chloride to the steel rebar. 
• The formation of corrosion cell between the top half and the bottom half of steel rebar 
or between the defects on the bottom surface and perfect interface.  
• The variation of chloride threshold due to influence of interface quality. A better 
interface quality can better protect the steel rebar from corrosion initiation.  
 
Perfect interface quality of lower specimens prolongs the corrosion initiation of 
reinforcement by promoting the chloride threshold and blocking the formation of 
corrosion cells. It also diminishes the corrosion rate by blocking the access of aggressive 
agents to steel bar. The corrosion initiation of steel bar is more sensitive to the presence 
of interface defects than to the size of defects. Chloride-induced corrosion tends to firstly 
occur at the locations existing local voids. 
 
The covercrete can obviously protect the embedded steel bar from corrosion onset by 
prolonging the chloride diffusion process.  
 
For the specimens with initial tiny cracks, the cracks do not influence the chloride 
diffusion when they are inferior to 30 µm [30]. The rapid development of corrosion 
cracking of these specimens (Group B and D) can be attributed to the effect of the 
environmental condition (the access of oxygen due to the initial drying of group B and 
D).  
 
The Rp measurement can be a better non-destructive method to assess the mass of steel 
loss. Because of the sensitivity of chloride-induced corrosion to environmental 
conditions, the accuracy of prediction from Rp measurements can be influenced by many 
factors for example moisture, concrete cover, concrete cracking etc. Therefore, a number 
of measurements at random points during the cycles or for in-site structures are 
necessary for a accurate and reliable measure of corrosion rate.  
 
The models linking steel corrosion to corrosion cracking can better predict the steel 
corrosion when the specimens have a better interface quality regardless of localized 
corrosion or general corrosion pattern, whereas they will underestimated the steel 
corrosion for the specimens with worse interface because of the effect of defects. 
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GENERAL CONCLUSIONS 
The thesis aims to study both initiation and propagation phase of steel corrosion in 
reinforced concrete structures in chloride environment. The research program was 
divided into two parts. The first part was dedicated to the research program initiated at 
the LMDC (Laboratoire Matériaux et Durabilité des Constructions de Toulouse) in 1984, 
dealing with reinforced concrete natural chloride induced corrosion process, and then the 
degradation of the mechanical loading, and then the aging mechanical behaviour of 
corroded reinforced concrete elements. A detailed physical-chemical analysis and the 
mechanical behaviour assessment were performed on one 23 years old corroded beam. 
The second part of thesis deals with the aging in chloride environment of specific high 
size reinforced concrete members. The horizontal reinforcing bars located at different 
heights allowed to create various steel-concrete interface qualities due to the “top-bar” 
effect. The investigation was performed on the corrosion initiation period and the 
beginning of the propagation period in relation with the steel-concrete interface quality. 
All corrosion experiments were performed under wet/dry cycles or immersion in salty 
water. Although this represents an accelerated version of the real process, compared with 
corrosion accelerated by adding chlorides in concrete mixes or imposing electrical 
current, the corrosion obtained in this thesis was much closer to that actually observed in 
natural condition, with respect to corrosion distribution, corrosion type and the oxides 
produced.  
The previous results obtained on the long term experiment in LMDC have shown that 
corrosion of reinforcement in concrete firstly occurred at the steel surface with damaged 
interface with concrete due to the “top-bar” effect and the mechanical loading. The 
chloride threshold is a necessary but not the sufficient condition for corrosion onset. This 
result is consistent with the conclusion obtained during this thesis on the specific high 
size members with various steel-concrete interface qualities. The experimental results 
showed that the concrete cover can protect the embedded reinforcement by prolonging 
the chloride diffusion process. Good interface quality (without void) delays the corrosion 
onset by increasing the chloride threshold necessary for corrosion to start and blocking 
the formation of corrosion cells. Also, a good interface can reduce the corrosion rate 
during the propagation period by obstructing the access of oxygen to the steel bar. 
Chloride-induced corrosion tends to firstly occur at the locations of the local voids at the 
steel-concrete interface and is more sensitive to the presence of the defects than to the 
size of the defects. The defect size has an influence on the cracking initiation due to the 
filling of voids by oxides and then the first step of cracking propagation. 
Indeed, two steps of corrosion can be highlighted in propagation period: The first 
propagation phase characterized by small cracks propagating along the reinforcements 
due to pitting corrosion attacks (localized corrosion) and the second propagation phase 
characterized by wide and interconnected cracks, where localized corrosion turns to a 
generalized corrosion along the reinforcements. This is confirmed by the experiment 
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obtained on the high size members.  
A model was proposed in previous research at the LMDC allowing predict the 
corrosion state of reinforcement from the corrosion cracking width in the first step of ion 
phase (under the localized corrosion pattern). In this thesis, a new model is proposed 
linking the generalised corrosion in term of steel cross-section reduction to the corrosion 
cracking geometry and width. As a result, a generalized model was put forward to the 
whole corrosion process, which is representative to the natural chloride-induced 
corrosion. This is very important for non-destructively assessing of the mechanical 
behaviour of corroded structures. 
The experimental results of corrosion simulation tests performed on a control beam 
illustrate that the local cross-section reductions along the tensile reinforcing bars have 
not significant influence on the global stiffness of the reinforced concrete beam, whereas 
the steel-concrete bond loss in the tension area is the main factor that affects the 
serviceability leading to a global deflection increase because of the resulting loss of the 
concrete tension stiffening effect. According to the simulation results and the new 
approach of the corrosion propagation phase, a new model is proposed for the 
assessment of reinforced concrete structures serviceability versus corrosion. During the 
pitting corrosion phase, the serviceability of the structural members is only affected by 
the steel-concrete bond reduction due to reinforcement corrosion. At this stage the steel 
cross-section reductions are so local that they do no affect the global behaviour. In the 
second propagation phase, the generalisation of the corrosion, which leads to a 
homogeneous steel loss all along the reinforcing bars, is taken into account as a coupled 
effect of the cross-section and bond reduction. Finally, experiments performed up to 
failure on one 23 years old beam confirm the direct correlation between the reduction of 
the bearing capacity and in steel cross-section.  
The long term experiments carried out on the old reinforced concrete beams show that 
reinforced concrete structures can perfectly ensure a good quality of serviceability for a 
very long time in corrosion propagation period. Regarding the structural performance 
reduction, results have shown that the propagation period can be significantly longer than 
the initiation phase in the service life. Therefore, the propagation period should be 
considered as a normal step in the service life span. 
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PERSPECTIVES 
Chloride-induced corrosion of reinforced concrete structures is a major problem for the 
structures exposed to extreme environmental conditions (de-icing salts) or coastal 
environment (seawater). Researches dealing with the influence of corrosion on the 
mechanical behaviour of corroded structures are necessary for engineers to more 
accurately assess the serviceability and set up a maintenance program. 
It is well-known that the reinforcement corrosion in concrete is a long period process. 
Compared with results obtained by using accelerated corrosion tests by adding chlorides 
in concrete mixes and imposing electrical current, the research presented in this thesis is 
based on a corrosion process, accelerated performing only wet/dry cycles, which induces 
a corrosion very closer to the natural chloride corrosion. Moreover, the empirical 
corrosion concrete cracking model and the mechanical model were deduced from the 
experimental results obtained on the corroded beams subjected to the coupled effects of 
sustain loading and corrosion, which is representative of the real situation of RC 
structures. Therefore, the results and models developed in this thesis can help to a better 
understanding of the natural chloride corrosion process of real structures. 
Finally, the models proposed were deduced from the experimental results based on the 
same type of beam and the same composition of concrete. It would be necessary to 
validate the model on other types of corroded beams with different covercrete and 
different concrete compositions. Also they should be extended to other types of structural 
elements, such as walls, silos, cooling towers, then by extending the beam 
Macro-Finite-Element model to two dimensional elements. 
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Annex I. Cracking maps of the type B corroded beams  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Annex I-1 Cracking maps of beam B1CL2 after 23 years of exposure 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Annex I-2 Cracking maps of beam B1CL3 after 23 years of exposure 
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Annex I-3 Cracking maps of beam B2CL1 after 23 years of exposure 
 
 
 
 
 
 
 
 
 
 
 
 
 
Annex I-4 Cracking maps of beam B2CL2 after 23 years of exposure 
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Annex I-5 Cracking maps of beam B2CL3 after 23 years of exposure 
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Annex II. Pictures of beam B2CL1 after 23 years of exposure 
In the first part of this thesis, mainly based on a corroded beam B2CL1 at 23 years 
period, corrosion process evolution was studied in detail via physico-chemical analysis 
on corrosion products and the corrosion distribution of reinforcement. Then, the 
modeling of the mechanical behaviour of corroded beams was carried out based on these 
experimental results. Pictures of the corroded beam B2CL1, especially of the two tensile 
reinforcements are presented in the Annex including before and after cleaning the 
corrosion products, in order to display more detailed information about corrosion pattern 
of B2CL1. Annex II-1 shows the mechanical experimental setup for the mechanical 
behaviours assessment in service and up to failure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Annex II-1. Experimental setup for measuring the mechanical behaviour of corroded 
beam. 
 
After 23 years of exposure, along the reinforcements of B2CL1, red and brownish-red 
coloured rust was observed in different amounts at different locations along the steel 
surface. On the same reinforcement, the corrosion activities were also different 
depending on the locations along the steel and the direction of concrete bleeding 
(“top-bar” effect). The following figures show the tensile reinforcement of B2CL1, 
which were cut at the locations of stirrups corresponding to about 20 cm of spacing. The 
locations of stirrups and the corresponding locations of each photo are presented in 
Annex II-2. Each photo displays two tensile rebars (the back one and the front one) 
within the same zone. The top surfaces and the bottoms surface of both rebars in regard 
to the casting direction are also presented in the same photo (Annex II-3(a)). 
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Annex II-2. The locations of stirrups and the corresponding position of each picture 
taken on beam B2CL1 
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Bottom surface 
Zone 2 
Zone 3 Zone 4 
Zone1 Zone2 Zone3 Zone4 Zone5 Zone6 Zone7 Zone8 Zone9 Zone10 Zone11 Zone12 Zone13 
Locations of stirrup 
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              (e)                                 (f) 
 
 
 
 
 
 
 
 
 
 
               (g)                                (h) 
 
 
 
 
 
 
 
 
 
 
                (i)                                 (j) 
 
 
 
 
 
 
 
 
 
 
               (k)                                   (l) 
Zone 5 Zone 6 
Zone 7 Zone 8 
Zone 9 Zone 10 
Zone 11 Zone 12 
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Annex II-3 Two tensile rebars of B2CL1 before cleaning the corrosion products 
 
 
 
 
 
 
 
 
 
 
 
 
           (a) pitting corrosion                   (b) general corrosion  
Annex II-4 Comparison between non-corroded rebar and corroded rebar after cleaning 
 
 
 
 
 
 
 
 
 
 
 
 
Annex II-5 Homogeneous corrosion of the cross-section of steel rebar at the location of 
pitting attack 
 
Zone 13 
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Annex III. Pictures of beam B1CL1 after 14 years of exposure 
The following pictures show the tensile reinforcements of B1CL1 at 14 years 
[CASTEL (2000)]: Couplage mécanique et corrosion dans les éléments en béton armé, 
Thèse de Doctorat de l’Université Paul Sabatier de Toulouse, 2000. 
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                      (f) 
Annex III-1 Pictures of tensile reinforcements of corroded beam B1CL1 after 14 years of 
exposure 
Pitting attacks 
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Annex IV. Raman reference spectra  
Annex IV-1. Bandes Raman de la goethite, la lépidocrocite et de l’akaganéite  
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Annex IV-2. Bands Raman de la magnétite, la maghémite, et de l’hématite 
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Figure 1. Spectres de références obtenus sur le spéctromètre Raman utilisé pour l’étude 
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Annex V. Interface quality versus height of reinforcement (Group C) 
 
 
 
 
 
 
 
 
 
 
 
 
(1) Specimen C01 (50 mm height of rebar) (2) Specimen C02 (155 mm height of rebar) 
 
 
 
 
 
 
 
 
 
 
 
 
 
(3) Specimen C03 (260 mm height of rebar) (4) Specimen C04 (365 mm height of rebar) 
 
 
 
 
 
 
 
 
 
 
 
 
(5) Specimen C05 (470 mm height of rebar) (6) Specimen C06 (575 mm height of rebar) 
 202
 
 
 
 
 
 
 
 
 
 
 
 
 
(7) Specimen C07 (680 mm height of rebar) (8) Specimen C08 (785 mm height of rebar) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(9) Specimen C09 (890 mm height of rebar) (10) Specimen C10 (995 mm height of 
rebar) 
 
